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I. INTRODUCTION 
Use of commercial nitrogenous fertilizer is known to be 
necessary as well as profitable for efficient corn pTOduction 
in Iowa. However, the crop seldom, if ever, utilizes all of 
the applied nitrogen. The applied nitrogen which is not 
absorbed may remain in soil in the form of inorganic ions, 
or in organic forms as a result of immobilization by micro­
organisms. The part of the unused nitrogen present in the 
form of the nitrate ion may be lost from the soil by leaching. 
Field observations and experimental data have shown that 
nitrogen applied to corn has increased yields of succeeding 
oat and corn crops in Iowa. These effects of residual nitro­
gen (referred to as increased soil nitrogen resulting from 
applications of nitrogen in a previous year) are iniportant 
from the point of realizing profitable returns from the ini­
tial application and applying fertilizer to subsequent crops. 
Of the problems associated with any residual nutrient 
resulting from application of chemical fertilizers to soil, 
the xnost in5)ortant are: 1) estimating the residual quanti­
ties, and 2) determining the form and location of the residual 
nutrient in soil. 
V/ith respect to nitrogen, the first of these problems is 
essentially one of obtaining information to compare the 
effects from residual nitrogen with effects obtained from 
direct applications. The effects of these two sources of 
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nitrogen can be measurea. by yields of grain or dry matter as 
•well as by nitrogen content of crops in the residual year. 
Of these three criteria, nitrogen content or yield is con­
sidered to be most closely associated with quantities of 
available nitrogen in soil. It is usually less subject to 
erratic environmental conditions and injuries from insects 
and plant diseases than grain or dry matter yields• 
Thus, one major reason for undertaking this study was 
to estimate quantities of residual nitrogen present one year 
after application of nitrogen to corn by means of determining 
the nitrogen yield of oats. This endeavor provided an oppor­
tunity to apply methods of estimating quantities of soil 
nitrogen effective in producing varying nitrogen yields of 
plants by means of the linear regression of nitrogen yield 
on nitrogen added in the residual year-
Although quantities of residual nitrogen may be esti­
mated from their effects on nitrogen yields of plants, the 
information is of an ex -poste or past sense- Of greater 
value, is information of the ex ante or future sense. This 
information can serve to predict how measured quantities of 
residual nitrogen in soil prior to growth of a crop will 
affect yields. However, before methods and techniques can 
be developed for purposes of such predictions, the form and 
location of residual nitrogen in soils must be determined. 
Analyses of soil for nitrate and ammonium nitrogen 
before growth of a crop would indicate residual quantities 
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if they are present in the mineral form. If residual nitrogen 
is present in organic forms, it becomes available to plants 
through processes of mineralization and nitrification. Con­
sequently, quantities of residual nitrogen present in this 
form could be estimated by means of nitrification rate tests. 
Nitrates are soluble in water and, hence, their position 
in the soil profile is conditioned by water movement in soil. 
Because of this fact, the problem of determining the form of 
residual nitrogen in soil also involves soil depths other than 
the plow layer if part or all of the residual nitrogen is in 
the form of nitrates. 
The investigations in this study were designed to supply 
information on these possible forms of residual nitrogen and 
the depths in which residual nitrogen occurs in soils. The 
study included experiments in the field and greenhouse with 
accompanying investigations in the laboratory on soil and 
plant sanities. 
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II. REVIEW OP LITERATURE 
Information from the literature is presented in a 
sequence to show the reasons why there might he residual 
nitrogen in soil from applications of nitrogenous fertilizers, 
v;here effects from residual nitrogen have been observed, and 
conditions that affect the retention of inorganic nitrogen in 
soils. Basic to any study of soil nitrogen, the first sec­
tion briefly describes forms of nitrogen in soil. 
A. Forms of Nitrogen in Soil 
Data reported by Simonson £t (47) show thst the total 
nitrogen content of soils in Iowa to a depth of 6 in. varies 
in the general range of 0.08 to 0.30 percent of the oven-dry 
weight. These figures correspond to 1,600 and 6,000 lbs. of 
total nitrogen on the basis of 2,000,000 lbs. of soil per 
acre. As soil depth increases, nitrogen percentage decreases. 
Inorganic nitrogen is present in soil as nitrate and 
ammonium ions. The concentration of these ions seldom exceeds 
a fraction of a percent of the total nitrogen in soils. Al­
though the quantities of inorganic nitrogen are exceedingly 
small compared to the nitrogen in the organic fraction, 
nitrate and aumonium nitrogen are considered the forms of 
nitrogen which plants absorb. 
Plant and animal residues are the principle sources of 
nitrogenous organic compounds in soil. The composition of 
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these compounds consequently "bears a resemblance to organic 
compounds in which nitrogen occurs in plant and animal resi­
dues. Nevertheless, the exact qualitative composition of 
nitrogenous organic compounds in soils is not well understood. 
Only a few characteristics of these compounds have been estab-
li shed. 
Kirekas (23, 24) studied a soil containing 1.23 percent 
total nitrogen and found 11.7 percent of the total nitrogen 
was water-soluble. In light of work by Bremmer (8), and the 
fact that ammonium nitrogen made up 24.4 percent of this 
water-soluble fraction, the figure of 11.7 appears unusually 
high. Kirekas was unable to isolate pure proteins from soil. 
Nevertheless, he explained that orgaiiic coji^ jounds of nitrogen 
in soils consist chiefly of "protein compounds." He said the 
special characteristic of these compounds is their exception­
ally great stability against enzymes. This comment agrees 
with observations of the resistance of soil nitrogen to . 
decomposition by nitrifying organisms. 
Additional evidence of the nature of soil organic nitro­
gen is provided by Kojima (25, 26). She studied a muck soil 
containing 2-31 percent total nitrogen and found 37 percent 
of the total nitrogen was alpha-amino nitrogen. In general 
agreement with Kirekas, she concluded that no more than 66 
to 75 percent of the total nitrogen in organic forms could be 
protein nitrogen. The remainder was designated as humin 
nitrogen in the form of heterocyclic nitrogen compounds. In 
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contrast to these two reports on soils of high organic matter 
content, Brenmer (8) found only about one thiiHi of the organic 
forms of nitrogen in a mineral soil to be proteinlike com­
pounds . 
An important characteristic of organic forms of nitrogen 
in soil was revealed by Rendig (40). He reported that decom­
position processes in two soils, one under grass and one under 
forest vegetation, ^ -ere alike and formed similar products. He 
concluded that mineral soils have a nearly constant qualita­
tive composition of organic forms of nitrogen. 
More recent studies, employing exchange resins and paper 
chromatograpiQT, show more detailed characteristics of the 
nitrogenous organic compounds in soil. Stevenson (53) found 
79 to 81 percent of the total nitrogen in Flanagan silt loam 
in Illinois to be soluble in 6 N hydrochloric acid. Of this 
fraction, 28 to 31 percent was alpha-amino acid nitrogen. 
These values agree reasonably well with the value, 37 percent, 
given by Kojima. Stevenson, like other workers, explained 
that while soils vary in total nitrogen content, the qualita­
tive composition of the organic forms of nitrogen is nearly 
constant among soils. 
Sowden (50) and Sowden and Parker (51) used methods of 
chromatography to study amino acids in soil- They concluded 
that free amino acids did not exist in the soils studied, and 
that amino acid nitrogen content of organic matter was quite 
similar for different soils as well as for depths of a given 
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soil. 
Thus, from present evidence, one can descrilDe the organic 
forms of nitrogen in soil "briefly as being con^ jlex, heteiTo-
geneous products of decomposed plant and animal residues. 
Coii5)osition of organic forms of nitrogen in soil is strikingly 
similar among soils of varying nitrogen content as well as 
between depths of a given soil. The percentage of nitrogen 
in proteinlike forms, however, appears higher in organic 
soils than in mineral soils. Approximately one third of the 
organic nitrogen in mineral soils is alpha-amino nitrogen of 
proteinlike compounds. Free amino acids and pure proteins 
have not been isolated from soil. 
Quantities of inorganic forms, the products of nitrifica­
tion, are insignificant in comparison to the organic forms. 
Regardless of this con^ arison, plants are considered to absorb 
only the inorganic forms and, hence, they are most important 
in plant nutrition. 
B. Utilization of Applied Nitrogen by Plants 
The increase in nitrogen content of plant material, 
expressed as a percentage of a given rate of application, has 
been the usual way of stating recovery of added nitrogen. 
This method of expressing recovery of added nitrogen should 
be qualified in terms of apparent recovery. Only when iso-
topic nitrogen tracer techniques are employed, can the recov­
8 
ery per se be determined. Therefore, in this dissertation the 
term recovery iii5)lies apparent recovery except for cases where 
isotopic nitrogen was e!i5>loyed. 
A considerable amount of evidence in the literature shows 
that the increased nitrogen uptake by plants resulting from a 
given rate of application generally does not equal that added. 
There are several reasons which might account for this failure 
of plants to recover 100 percent of the added nitrogen. In­
vestigations, such as th'ose of G-oring and Glarlsi (17) and 
Walker et al. (55), have shown that microorganisms immobilize 
significant quantities of nitrogen added to soil. This nitro­
gen is unavailable to plants until mineralized. Another reason 
is that the extent of root development is never sufficient to 
provide an absorbing surface equal to the area of soil par­
ticles, nor to provide roots for all space between soil par­
ticles. Hence, there is a physical restriction on the part of 
plants themselves. > 
Anoth.er reason plants might fail to absorb all the 
nitrogen added is provided by data of Olsen (36). He found 
that the rate of absorption of nitrate nitrogen by rye and 
kitchen kale grown in ciilture solutions was independent of con­
centration except for extremely dilute solutions of 0.04 ppm. 
nitrate nitrogen or less. The most plausible explanation for 
these results is that absorption of ions by plants is an ac­
tive process. If it were passive, the rate of absorption would 
depend on concentration of ions in the grov/th medium. From 
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these conclusions, it follows that all soil, plant, and envi­
ronmental conditions -which affect the overall metaholism of 
plants will likewise affect the active process of ion absorp­
tion, and thereby affect recovery of added nitrogen. 
The work of Hellriegel and Wilfarth (19) is the first 
recorded study of nitrogen uptake by plants in relation to 
that added. In 1886 and 1887 they measured nitrogen uptake 
by oats and barley in pot experiments. Nitrogen was added as 
calcium nitrate to a sand-soil mixture. Their data show per­
cent recovery in tops and roots varied from 45 to 74. At the 
lower rates of addition and low yields, percent recovery 
tended to increase with rates of application. At the rates 
sufficient to give medium to near maximum yields, percent 
recovery v;as independent of the rates. 
To extend the coiaparison among rates of applications 
sufficient for varying degrees of yield and recovery by the 
plant, results of Black (6) and Carson (9) are citedr 
They showed as rates of applications approached and exceeded 
those resulting in maximum yield of oats in the field, per­
cent recovery decreased as the rates increased. The former 
showed a recovery of 58 percent in the aerial dry matter of 
oats from an application of 32 lbs. per acre. Only 9 percent 
recovery resulted from an application of 128 lbs. This appli­
cation caused a large yield depression. For applications of 
20 and 80 lbs. of nitrogen per acre, Carson found a recovery 
in the aerial dry matter of oats equivalent to 62 and 38 per­
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cent of tlie respective rates. Such large variations in the 
percent recovery are not generally observed in greenhouse 
experiments, prevention of leaching losses in the greenhouse 
and confinement of roots and nutrients to a small volume of 
soil may be part of the explanation for this difference. 
Shropp and Arenz (45) found in a greenhouse experiment 
that two oat varieties absorbed approximately a constant per­
cent of several added rates of ammonium nitrate. They measured 
nitrogen uptake (nitrogen content of aerial dry matter) by 
each variety at three levels of vjater holding capacity of the 
soil. The average percent recovery by an xerophytic variety 
decreased as water levels increased. The opposite "sras true 
for a hydrophytic variety. The maximum average percent re­
covery of the three rates of nitrogen - about 63 percent -
v;as the same for both varieties, but occurred at opposite 
water levels. Percent recovery of added nitrogen was slightly 
higher when an application >;as made in several increments 
rather than all at one time. 
Both Munson and Stanford (32) and Pinck et al. (33) have 
found a nearly constant percent recovery of several rates of 
nitrogen in greenhouse experiments. Munson obtained a recov­
ery of 31 percent in the aerial dry matter of millet on seven 
soils. He used ammonium nitrate. Pines: reported a 
recovery of 53,3 percent from urea in the greenhouse by five 
consecutive crops of Sudan grass or wheat. Ihe recovery was 
calculated by using the nitrogen content of the aerial dry 
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matter. "Where millet was aaded at the rate of 25 tons per 
acre as a green manure crop along with the nitrogen the re­
covery of nitrogen was only 21 percent. 
Pinclc and Allison (58) reported results from a greenhouse 
experiment in which approxiaately 66 percent of the added 
nitrogen as urea was accounted for by nitrogen contents of 
tops and roots of sudan grass. They concluded that roots con­
tained about 37 percent of the total nitrogen in mature 
plants, and that younger plants contained a smaller percent 
of their total nitrogen in the roots than did older plants. 
Data collected from field experiments by Lipman £t 
(E9) show percent recovery by three crops did not differ among 
three sources of nitrogen applied at a rate of 50 lbs. of 
nitrogen per acre. Recovery was e:!q)ressed on the basis of 
nitrogen content of the aerial dry matter. Results of experi­
ments by White (55) show that the percent recovery of added 
rates may be similar for different crops at low nitrogen levels 
but not necessarily so for higher levels. 
As cited above from greenhouse data of Shropp and Arenz, 
the level of moisture in soil affects the recovery of added 
nitrogen by plants. This effect wa.s observed in the field by 
Ohlrogge et al. (34). They found that nitrogen content of 
aerial dry matter of corn amounted to as much as 60 percent 
recovery of nitrogen added as ammonium stalfate in a season 
ideal for corn production. In a droughthy season, only 35 to 
40 percent of the added nitrogen was recovered. Their data 
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for nitrate nitrogen distribution in the soil showed an accu-
miilation at the soil surface in dry periods. At this posi­
tion, nitrogen was less accessible to roots, and hence, serves 
as a partial explanation for the difference in recovery be­
tween the two seasons-
Recovery of added nitrogen on the basis of nitrogen con­
tent of corn grain is given by Viets and Domingo (54). From 
applications of 90 and 148 lbs. of nitrogen as aEsnonium nitrate 
recoveries of 4S and 49 percent -Kere obtained, respectively. 
In their experiments 1 lb. of added nitrogen Increased corn 
grain yields 0.75 bushels per acre. 
There have been relatively few experiments where recovery 
of added nitrogen was determined by isotopic tracer techniques. 
Bartholomew and Hiltbold (E) studied the recovery by oats of 
nitrogen added to two soils along with two oi^ anic amendments. 
Recovery in the tops and roots increased with rates of nitro­
gen for a given soil, and organic amendcient. At a given level 
of nitrogen and organic amendment, recovery was slightly 
higher from a Marshall silt loam than from a Clarion silt 
loam. For a given soil and level of added nitrogen, recovery 
was less where oat straw was added to soil than where alfalfa 
was used. 2hus, percent recovery varied with nitrogen levels, 
soils, and residues. 
An illuminating study concerning the fate of labelled 
nitrate and ammonium nitrogen is reported by Walker et al. 
(55). They applied labelled nitrogen in these two forms at 
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six rates to a grass and clover grown alone and together in 
a greenhouse experinent. They found percent recovery of added 
nitrogen increased slightly i';ith rstes of addition. Recovery 
was slightly less for the nitrate form than for the smmonium 
nitrogen. At the higher rates of nitrogen for the grass, 
recovery in the tops was about 50 percent and 15 to 20 per­
cent in the roots. Although no inorganic nitrogen was foxind 
in the soil s.t harvest, analysis of total nitrogen in soil 
showed 15 percent of the added nitrogen v;as in the soil as 
organic substances. Over all treatments, approximately 30 
percent of the added nitrogen was unaccounted for. 
The most significant point of the above worlsi iss the fail­
ure of plants to recover all of the nitrogen applied to soil. 
The author is unaware of any evidence which shows plants 
recovered 100 percent of the added nitrogen. In the majority 
of field and greenhouse e>5)eriments, plants recovered less 
than 50 percent of the applied nitrogen in their aerial dry 
matter. These results can be attributed to a combination of 
factors; size and extent of root systems, dependence of ion 
absorption on the metabolism of plants, immobilization of 
added nitrogen by microorgajaisms, and losses of nitrogen from 
soil by leaching, denitrification, and volatilisation. Con­
ditions shown to affect these factors in varying degrees are 
the form and quantity of applied nitrogen, time of application 
during the growth of plants, kind of plant, and numerous soil 
factors. The more in^ sortant of the latter sjre the adequacy of 
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native soil nitrogen and other nutrients, supply of moisture, 
gnd the presence of plant residues. 
C. Observed Effects from Residual Nitrogen 
Evidence presented in the preceding section shows that 
plants generally fail to utilize all nitrogen applied to soil. 
Some of the nitrogen not absorbed is iffimobilized by micro-
orgsnisms and some may be lost by leaching. Information is 
inadequate to express the quantitative losses through volatiza-
tion of ammonia and denitrification of nitrate nitrogen. 
Usually, they are considered to be negligible in comparison 
to immobilization and leaching. 
One of the earlier studies showing effects of residual 
nitrogen was reported in England by E^ ll (IS). At one loca­
tion he used a rotation of swedes, barley, fallow, and reheat. 
He found that applications of ammonium sulfate to sisedes in­
creased dry matter yields of barley 41 percent and the yield 
of v.'heat following fallow 7 percent. Results of soil analyses 
indicated that residual effects from manure, smmonium sulfate, 
and sodium nitrate were associated with increased quantities 
of soil nitrate nitrogen. At another location with heavier 
rainfall, he found no residual effects one year following 
application of ammonium nitrogen. 
Sievers and Holtz (46) in 1922 reported studies pertinent 
to the residual nitrogen problem. They measured the carry­
over of nitrate nitrogen produced from summer fallow to spring 
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wheat in an area of eastern Washington that receives an annual 
rainfall of approximately 22 in. Their data indicate that 
although winter rains nioved the nitrates to a depth below the 
plow layer wheat yields were increased by such nitiTogen. These 
workers pointed out that a supply of nitrate nitrogen in the 
surface soil, either from nitrification or application of 
fertilizer, was necessary to provide root development to uti­
lize the residual nitrates. 
Jacquot (21), working in the same region of eastern Wash­
ington as Sievers and Holtz had earlier, reported residual 
nitrogen effects on wheat from nitrogen applied the preceding 
year to wheat. Residual effects xvere observed in the third 
year of wheat from the heavier rates applied the initial year. 
From e:3qperiments in eastern Oregon, Hunter and Yungen (20) 
have reported large residual effects on oats from nitrogen 
applied to corn. 
The iE^ jortant effect of rainfall in relation to carry­
over of nitrogen in soil is illustrated by reports from Crow-
ther (12) and Boischot and G-ouere (7). In an arid area, 
Crowther found wheat grain yields were increased 17 percent 
and nitrogen content 20 percent by nitrogen scplied to. the 
preceding cotton crop. In contrast to these results, Boischot 
and Gouere found no carry-over of nitrogen in an experiment in 
France where applications of 150 kilograms of nitrogen per 
hectare were made to a bare soil for 15 consecutive years. 
Observations of effects from residual nitrogen in the 
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corn belt states seem to be restricted to the period since 
1940- Reasons for this are the increased total fertilizer 
usage during recent years and, prabably of greater in5)ortance, 
the increased rates at vjhich nitrogen fertilizer has been 
applied per acre-
In 1941, Cook and Scarseth (11) reported that yields of 
oats, wheat, and corn were increased by nitrogen applied the 
previous year to corn. In their Indiana experiments, they 
applied up to 84 lbs. of nitrogen per acre as calcium cyana-
mide. Scarseth ^  (43) have reported that the same appli­
cation of nitrogen made to corn in each 1938 and 1939 increased 
oat yields 59 bushels per acre in 1940. 
Data of Dumenil (13) are some of the first obtained in 
Iowa that show nitrogen applied to com has increased yields 
of succeeding oat and corn crops. From a number of experiments 
he estimated residual effects on oats from 40 to 100 lb. appli­
cations per acre to corn were 10 to 15 percent follox-Jing wet 
seasons, and to 35 to 40 percent of the initial applica­
tions following dry seasons. "Hius, with increased rates of 
nitrogen applications, carry-over of nitrogen from corn to 
another crop has become an ingjortant aspect of the agronomic 
and economic use of nitrogen fertilizers in loi^ a. 
D- Retention of Inorganic Nitrogen by Soils 
Carry-over of nitrogen from one crop to another appears 
to be restricted to conditions where severe leaching does not 
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occur. Therefore, factors affecting retention of inorganic 
nitrogen appear important in determining the degree of nitro­
gen carry-over in soils. 
Nitrogen is in its lowest oxidation state as the ammonium 
ion. This cation {radius 1.48 A°) is adsorbed by soil col­
loids and is not usually considered subject to leaching. 
However, Benson and Barnette (4) reported significant losses 
of ammonium nitrogen from Norfolk sand, a soil of very, low 
colloid content. Such results are an exception rather than 
a rule and appear to be restricted to soils having a very low 
cation exchange capacity. 
iSigration of ammonium nitrogen does not seem important 
in soil. Muller (31) recovered over 50 percent of 12ie nitro­
gen from ammonium nitrate placed in sand for six days within 
a 3-cm. diameter of the spot applied. !I?he remainder of the 
applied ammonium was reported to be found within 6 cm. of 
the spot applied. Prom field experiments, Kelson (33) con­
cluded that movement of ammonium ions did not exceed 3 to 4 
in. in an irrigated Sphrata fine sandy loam soil. Babcoclc 
(1) made a similar conclusion by stating that ammonium nitro­
gen will be within 6 in. of where it was applied in loam 
soils, fhis information, coupled with the fact that ammonixim 
nitrogen is readily oxidized to nitrates in soil, supports 
the conclusion that loss from soil of inorganic nitrogen in 
the ammonium form is negligible by leaching or migration. 
Upward movement of nitrates by migration can be signifi­
IS 
cant v/hen soils dry. Work of Krantz ^  (27) points out 
the importance of this isovement in relation to positional 
availability of nitrates to plant roots- VJith the exception 
of how this movement may affect loss of nitrates from surface 
runoff, it does not appear as an important ciovement resulting 
in nitrate loss from soil. 
Kumerous lysimeter and field experiments reveal nitrates 
are removed readily from soil by leaching with water. A com­
prehensive review of literature dealing with this subject is 
given by Rohxv-eder (42). Consequently, only several papers 
will be presented to illustrate its significance in relation 
to carry-over of nitrogen in soil. 
The amount of nitrate nitrogen lost by leaching vsj?ies 
with soils, frequency of rainfall, and total rainfall. The 
effect of soil differences is illustrated by Larsen and 
Kohnke (28). They reported that most of the"nitrogen from 
applications of 100 and 200 lbs. per acre of sodium nitrate 
in November was lost from the top 23 in. of Miami sandy loam 
dxoring the winter. However, in the case of a Crosby silt 
loam there was no apparent loss from the same treatments. 
With respect to frequency of rainfall, Mathews (30) 
showed that frequent showers had considerably more effect 
on removing surface nitrates than occasional heavy rains on 
Cecil sandy loam. He concluded that constant addition of 
water to the soil surface is necessary to force nitrates 
through soil. 
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Soubies ^  (49) in France studied winter movement of 
nitrates in a "bare loamy sand in the field- They applied 
ammonium sulfate and calcium nitrate at the rate of 50 kg. of 
nitrogen per hectare. During the winter they sampled the soil 
periodically to a depth of 100 cm. at intervals of 20 cm. 
Their data showed the bulk, of the nitrates moved in a crest 
or bulge in the profile* The crest was pushed downward at an 
approximately constant rate of 1 cm- for each 3 to 4 mm. of 
rain. Their data also showed that about one third of the 
added nitrogen from both sources remained as nitrates in the 
100-cm. depth after a 5~month period in which there were 347 
mm. of rain. The largest quantity of nitrates in drainage 
water occurred when the crest of the nitrate distribution 
curve was pushed from the 100-cm. depth. The crest for the 
check plots was removed 30 to 50 days before those of the 
treated plots. Thus, the qu^ tity of nitrates appeared to 
affect the rate of displacement of the crest. 
In Iowa, Rohweder (42) applied 60 and 120 lbs- of nitro­
gen per acre as sodium nitrate to several soils in November-
In the following May, two rates of v#ater varying with loea-
tioiiS but amounting to as much as 14-31 in- were superin^ josed 
on the fall applied r^ itrogen treatments- Soil samples to 
indicate nitrate movement by winter precipitation and added 
water were taken two days after applying water- The winter 
precipitation significantly affected nitrate distribution at 
each level of added nitrogen- The added water appeared to 
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have no effect on the nitrate distribution in soil having 
received no additional nitrogen, but did affect the distribu­
tion where nitrogen was added. The depth of nitrate movement 
for a given water treatment appeared to increase for soils 
that sllo^ ;ed a greater rate of percolation as a result of te::?-
ture or structure. Rohvreder found a trend toward sho-wing a 
linear relationship of nitrate and "skater movement with soil 
texture. I'Jevertheless, he did not find large losses from any 
soil. On the contrary, he found increased quantities of 
nitrates to a depth of 60 in- in several soils greater than 
the quantities he added. Aside from possible errors in 
sampling and analyses, these results would indicate that 
added nitrogen increased nitrification in some of the soils. 
A significant conclusion from t^ « study is that nitrate nitro­
gen may not be lost firoa soils in Iowa to the extent generally 
considered previously. 
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III. PBDCEDURES AND INVESTIGATIONS 
A- Objectives and General Procedures 
This study -was conducted with two general objectives in 
mind. One objective was to estimate quantities of residual 
nitrogen in a ntimber of Iowa soils. Another was to determine 
the nature of residual nitrogen, specifically, its form and 
location in soils. 
Applications of nitrogen in com fertility ez5)eriments 
served as the treatments from which residual effects were 
measured. Some of these experiments were conducted on private 
farms* and some on outlying experimental farms. The study 
incliades results from 1953 through 1956. 
Oats were used to measure effects of residual nitrogen 
in the year following corn- Criteria of the effects were 
yields of aerial dry matter, grain, and nitrogen. Nitrogen 
yield refers to the product of percent total nitrogen and 
aerial dry matter yield- Because nitrogen yield seems to be 
more closely associated with supply of nitrogen than grain or 
dry matter yields, it will be used as the primary criterion 
to evaluate residual effects - Comparisons of the effects of 
residual nitrogen with effects from known rates of nitrogen 
*The corn fertility experiments were conducted by Dr-
John Pesek and Lloyd Dumenil. G-ratitude is expressed for 
their making these available and also for their assistance 
in obtaining field data. 
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applied directly.in the residual year on nitrogen yields of 
oats will be the basis for estimating residual quantities. 
A greenhouse experiment xi?as conducted to measure residual 
effects xsTith greater precision than was possible in the field. 
In it, isotopic nitrogen vjas employed to provide aaare rigid 
tests of hypotheses than nita?ogen yield data -would allow. 
Laboratory -work, included soil and plsnt analyses. Soil 
samples talLen from various depths were analyzed for nitrate 
and exchangeable ammonium nitrogen. Nitrification rates of 
part of the samples were determined by the Iowa State College 
Soil Testing Laboratory. Analyses of plant material involved 
total nitTOgen determinations and measurements for absorption 
of isotopic nitrogen. 
B. Experiments 
1. Field experiments 
a. 1955. Experiments to serve two different purposes 
were conducted. In one set of experiments, spring oats were 
grown at six locations on private faras where several rates 
of nitrogen had been aj^ lied to corn in 1952. The purpose 
vjas to measure effects of residual nitrogen on oat yields, 
and to relate the effects with quantities, forms, and loca­
tion of nitrogen present in soil samples taken in May 1953. 
In another set of experiments conducted on outlying experi­
mental farms, nitrogen applications up to 160 lbs. per acre 
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were made to corn. Soil san5>les were taken periodically diir-
ing tile season to relate levels of soil nitrogen with rates 
of application, time interval from application, nitrogen up-
tsXe "by corn, and residual effects on subsequent crops. 
The experiments on private fanas were located in Greene, 
O'Brien, Lyon, Carroll, Plymouth, and Taylor Counties. The 
experiments included Sharpshurg silt loam, Nicollet loam, 
G-alva silt loam, Marshall silt loam, and Ids silt loam; soils. 
A general description of these soils is given by Simonson ^  
al. (47). Oats were seeded by broadcasting or drilling (only 
one location) by the individual farmers- Dry matter yields 
were taken one to two weeks before the grain.was ripe in some 
of the experiments, and at mat'ority in others^  '^vhere a TJKJwer 
was used for harvesting plots, the green wei^ t was determined 
aiid a saii55le was removed for determining percent dry matter 
and for nitrogen analyses. A separate sample was harvested 
with a mower for grain.yields. In some of the experiments, 
yields vv'ere obtained by cutting quadrats, in which case the 
entire san^ le was dried. A sample for nitrogen analyses was 
taken at random in the vicinity of the quadrats since the 
harvested quadrat samples were threshed to determine grain 
yields. 
Nitrogen was applied as ammonium nitrate in 1952 and 
1953. In the com experiments of 195E, it was broadcast at 
three locations and banded as a sidedressing at the others. 
Nitrogen was broadcast for the 1953 treatments on sub-plots 
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superiii^ josed on tlie 195E plots. This nitrogen was applied in 
early May when oats viere several-inches tall. The rates of 
p^lication for corn in 1952 are given in Table 3. Three or 
four rates of nitrogen xv'ere applied to the 1953 oats. These 
rates amounted to as much as 60 lbs. per acre but t;ere gen­
erally 0, 15, 30, 45 or 0, 20, 30, 40 lbs. of nitrogen per 
acre. 
Two corn experiments in 1953 were located at outlying 
esperimental farms in Howard and Ringgold Gounties. Nitrogen, 
at the rates of 0 , 60, 120, and ISO lbs. per acre, v;as broad­
cast before planting corn. The plots -vjere sxifficiently large 
to allow splitting in the following year for two crops, each 
to receive several rates of nitrogen. Soil types at the 
experiments in Howard and Ringgold Counties were, respectively, 
Cresco silt loam and G-rundy silt loam. 
Dry matter yields of the corn plants at these two loca­
tions were determined in September. ItOiole plants from a por­
tion of each plot were cut, v;eighed, and then chopped -with a 
forage harvester. A sas^ jle from the chopped material served 
to determine percent dry matter. A subsample was taken to 
grind and process for chemical analyses. 
The methods of sampling soil in 1953 were essentially 
the same for the oat and corn experiments. Samples were tauten 
with 3/4-in. soil p3?obes. Each sasale was a composite of 
eight to ten cores. The depths sampled are given under 
results and discussion. After the samples were dried in a 
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heated greeiiliouse at a ten^ jerature of 90 to 115° F. they were 
crushed to pass through a l-mm. mesh sieve. 
In the oat esperiments, soil sampling was restricted to 
three locations at which nitrogen -was broadcast the year he-
fore. The samples were taken in May just before s^ jplying the 
nitrogen treatments. Sampling dates during the 1953 season 
for the corn experiments are shown in Table 7. 
b. 1954. In this year, data were obtained from the corn 
experiments of 1953 at Howard and Rin^ old Counties- 'The plots 
were split for two crops - corn and oats. Corn in 1954 re­
ceived 0, 30, and 60 lbs. of nitrogen per acre; oats received 
0, 15, 50, and 45 lbs. 
At Ringgold County, whole plant and grain yields of corn 
were obtained. Samples of the whole plant material were 
analyzed for total nitrogen. From the experiment at Ploward 
County, data were obtained for corn grain yields, nitrogen 
content of corn grain, and percent nitrogen in corn leaves at 
silking. Total dry matter yields of oats and nitrogen con­
tent were determined also. 
c. 1955. The only data collected in this year were 
yields of corn grain and plant dry matter produced on the 
e^ eriments at Hoi^ ard and Ringgold Counties, Ko new treat­
ments were applied, consequently, yields reflected only the 
effects from nitrogen applied in 1953 and 1954. Harvesting 
and san:5>ling techniques in 1955 and 1954 were practically the 
same as those described for 1953. 
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d. 1956• Emphasis in field experiments this year was 
placed on relating increased nitrogen yield of oats with in­
creased quantities of nitrate and ammoniua nitrogen in soil 
resulting from nitrogen treatments to corn. For this phase 
of the study, 11 experiments at outlying experimental fanas 
provided dry matter and grain yields of oats and soil samples. 
One other experiment on a private farm was used for the sajae 
purposes- These 12 eaperiments, located in x^ right, Davis, 
Monona, Howard, Buchanan, and Delaware Counties, provided re­
sults for Webster silty clay loas, Edina silt loais, x^ fenona 
silt loaa, Ida'silt loam, and Carrington silt loam soils. 
Treatments to corn in 1955 from -which effects of residual 
nitrogen were measured included rates of nitrogen, forms of 
nitrogenous fertilizer, and manure. These experiments also 
provided a cou^ jarison of nitrogen carry-over from treatments 
applied to corn in different rotations. 
Nitrogen trea.tments, superimposed on plots of the pre­
vious year, were applied at only t^ ro locations because most 
of the e:^ eriments xirere of a semi-permanent nature. Since 
oats were drilled at all locations, dry matter yields were 
obtained by harvesting tvj-o or four rows 5 ft. long at four 
random locations in a plot. After weighing the harvested 
sample, a sub-sa25)le was taken for determining percent dry 
matter. The sub-sarole provided material for total nitrogen 
analyses. Grain yields of oats in these 12 e^ qjeriments are 
not recorded as a part of this study. 
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Soil samples were ta]s:en in May at depths of 0 to 6, 6 
to 12, and 12 to 21 in. by the procedure described previously. 
e. Precipitation data» Evidence in the literature 
shows there is an in^ jortant relationship between precipitation 
and carry-over of nitrogen in soil- Consideration of precipi­
tation is important, therefore, in such a study as this. l!he, 
data in Table 1 ivill serve for references of precipitation in 
connection with quantities of residual nitrogen. 
2. Greenhouse experiment 
Conditions of the field experiment at the Wacker farm 
in 1956 were suitable for removing soil from certain plots 
for a greenhouse experiment. Little response from nitrogen 
applications was observed from corn in 1955. Hence, residual 
effects seemed likely. The plots were of sufficient size to 
allow removing soil and still leave adequate harvesting area. 
The soil is classified as Garrington silt loam. 
In May of 1^ 6 approximately 300 lbs. of soil were taken 
from each of three depths at each of five levels of 1955 
nitrogen. The depths were 0 to 6, 6 to 12, and 12 to 21 in. 
The 300-lb. lot was obtained by compositing soil from ti-jo 
pits dug from each of four plots for each residual nitrogen 
level. It was air-dried and passed through a 1/4-in. mesh 
screen. From each of the 15 lots of dried soil, three saii5)les 
were taken for analyses. Average values of analyses and soil 
tests for the three samples are used to describe the lots of 
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Table 1. Estimated precipitation®- at locations of field 
e^ eriments 
Cooperator, or county 
in which e^ qjerimental 
farm is located 
Weather Precipitation, 
station in. 
Deviation 
from normal, 
in. 
1952-1963^  
Mr. Wainwright Bedford 42.9 8.5 
Mr. Coon Jefferson 29.1 -2.2 
Mr. Elshuis Primghar 28.4 1.2 
¥ir. Munns Rock Rapids 24.3 -1.3 
Mr. Neppl Carroll 32.1 1.8 
Mr. frometer Sioux City 26.1 -0.2 
1953-1954 
Howard Cresco® 38.6 6.8 
Ringgold Tingley 23.2 -10.2 
1954-1955 
Howard Gresco 36.9 5.0 
Ringgold Tingley 32.2 -1.2 
1955-1956 
Mr. Wacker Delaware 25.2 -7.8 
Wri^ t Britt 26.2 
-3.7 
Davis Bloomfield 23.6 -10.4 
Monona Gastana 13.9 -14.0 
Howard Gresco 27.6 -4.25 
Buchanan Independence 21.1 -10.38 
l^owaClimatological Data, U. S« Dept. of Commerce in 
cooperation with. Iowa Dept. of Agriculture. 
a^ta represent a 12-month period of May through April. 
P^recipitation data have not heen recorded for a period 
sufficient to establish normal values at several of the experi­
mental faras, thus, data from the nearest station to give the 
above coa^ a^rison are used. 
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soil in Table 2. 
Pots for the experiment were prepared as follows. Foxir 
lbs. each of soil and white quartz sand were used for a pot. 
After adding concentrated superphosphate at the rate of 200 
mgia. of phosphorus per pot, the soil and sand were mixed in 
a soil blender. The soil—sand mixture was then transferred 
to a polyethylene bag and placed in a No. 10 can. The water 
holding capacity for the mixture of each depth was determined. 
During the esperiment the water level was reaintained close to 
Table 2. Soil test values®' for pH, available P, and 
avail^ le K in Carrington silt loam used in the 
greenhouse experiment 
Depth 
Nitrogen application in 1955. lbs./a. 
0 40 80 120 240 Average 
eh 
a (0-6«) 6.37 6.33 6.53 6.37 6.37 
b (6-l£«) 5.58 5.53 5.55 5.57 5.88 
c {12-21«) 5.53 5.47 5.50 5.58 5.40 
6.39 
5.62 
5.50 
Available P. lbs./a 
a 
b 
c 
9.2 6.5 9.8 9.3 9.3 
2.3 2.0 2.0 3.5 2-2 
2.3 1.5 2.0 2.7 2.3 
3.8 
2.2  
Available K. lbs./a. 
a 
b 
c 
242 243 257 287 268 
158 159 176 157 131 
200 238 254 178 164 
259 
156 
207 
D^etermined by Iowa State College Soil Testing Laboratory 
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70 percent of tb.e water laolding edacity. 
Potassium and nitrogen were added in solution in the 
initial water application. The rate of added potassium was 
150 mgm. per pot as potassium sulfate. Nitrogen was added as 
calcium nitrate at the rate of 0, 40, 80, 160, and 240 mgm. 
per pot. Stock, solutions, analyzed for nitrogen content ty 
the phenoldisulfonic acid method, were made up to volume with 
p^ropriate dilutions to provide for these rates. This pro­
cedure was used to avoid errors in weighing the hygroscopic 
calcium nitrate salt- Aliquots of potassium and nitrogen 
solutions were measured for pots by automatic burettes. 
Nitrogen for the SO-mgm. rate contained 5.614 atom per-
15 
cent K . The decision to use this concentration was based 
on a review of experiments by Barthomew e^  (3) and W^ ker 
 ^ ( 55) and with the anticipation that at least one third 
of the plant nitrogen would come from that added. Nitric acid, 
obtained from Eastman Organic Chemicais, served as the source 
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of N . Consequently, an equivalent amount of calcium hydrox­
ide was added to the pots that received the SO-mgm. rate to 
neutralize the nitric acid added. The calcium hydroxide was 
added in the second application of water because it would have 
precipitated as calcium sulfate, had it been added with the 
salts of the initial solution. 
The experiment was planted S^ tember 7, 1956. After 
planting ^ out 16 seeds of Clintland oats per pot, the nitro­
gen and potassium solutions were added with water to equal 
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70 percent of the water holding edacity. Vfhen the plants 
were about 5 in. tall they were thinned to 12 per pot. 
The pots were arranged in a split-plot design. Depths 
and greenhouse nitrogen levels combined factorially were 
whole-plot treatments. Field nitrogen treatments were sub­
plots. There were five replicates. Pots within a replicate 
were rotated four times in an attempt to reduce variations re­
sulting from positions on benches-
Plants were harvested October 29. Hsnce, the duration of 
the experiment was 53 days. The plants were harvested when 
they were beginning to head. After drying the harvested aerial 
plant parts at approximately 67° G., the material was weighed 
and ground for nitrogen analyses. After harvesting, the soil-
sand mixture from each pot was passed through- a 3-mni. mesh 
sieve and a sample taken, air dried, crushed to pass a 1-mm. 
mesh sieve, and stored for nitrate nitrogen analyses. 
C. Analytical Methods 
1. Total plant nitrogen 
Plant samples of 1953 were analyzed for total nitrogen 
according to the method described by Black (5), en^ loying 
salicylic acid to include nitrate nitrogen. Other samples 
were analyzed similarly except 4 percent boric acid was used 
to absorb ammonia rather than standard sulfuric acid. A mix­
ture of brom cresol green and methyl red >;as the indicator 
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with "boric acid. Analyses of secondary diphenylguanidine, an 
organic compound described by Young (58), verified recovery 
by the two procedures. Both procedures gave nearly 100 per­
cent recovery and nearly identical values for nitrogen con­
tent of plant material. The important advantages of using 
boric acid rather than sulfuric acid are that boric acid does 
not have to be measured quantitatively, and the indicator can 
be added to bulk quantities of boric acid. 
All plant samples were dried to constant moisture con­
tent at 67° C- before being analyzed. One and 2-gm. samples 
were used, depending upon the nitrogen content of the mate­
rial. 
2- analyses-
T>;o-gn. plant samples "Sniere digested and ammonia -was dis­
tilled into standard sulfuric acid by the procedure cited 
above. Sulfuric acid was used rather than boric acid because 
the distillate had to be evaporated to obtain the desired con­
centration of nitrogen. Ammonia would have volatilized from 
boric acid during evaporation. It has been found that a solu­
tion containing 5 mgm. of nitrogen in 3 ml- of solution is 
satisfactory for analyses using the mass spectrometer. Thus, 
the evaporated distillates, which contained 15 to 30 mgm. of 
nitrogen, u'ere made up to volume accordingly. Presence of 
the methyl red-methylene blue indicator, described by Johnson 
and Green (22), used in the sulfuric acid did not interfere 
33 
in the analyses for Before evaporating the distillates, 
2 ml. of 0-1 sulfuric acid -were added after titrating to 
neutrality with standard sodium hydroxide-
Five to 8 ml. of the final solution -were used to form 
gaseous nitrogen. The conversion procedure -was essentially 
the same as that described by Hittenberg (41) with several 
ffiodifications. Liquid nitrogen was used for the cold tr;^ s. 
Also, the sodium hypobromite solution differed in that it 
was prepared by adding 1 lb. of cooled bromine to a cooled 
solution containing 1 lb. of sodium hydroxide in 680 ml. of 
i^ ater. The precipitated carbonates '»ere removed by means of 
a sintered glass filter. About 3 to 5 ml. of the filtered 
solution were used in the conversion of each sample- The 
29/28 ratio was measured with a IJier-type mass spectrometer. 
Plant material from only three replicates were analyzed 
for because of the time involved. An average of three 
readings was obtained for each gas sample. One gas san5)le 
was pr^ ared from e^ ch plant sample-
Recovery of added nitrogen is calculated on the basis of 
15 total plant nitrogen and the dilution of M in the plant 
1 5 from the value of 5.614 atom percent of the added nitro­
gen. The dilution by plant absorption is calculated, however, 
on the basis of atom percent excess. The reason for this, 
rather than using atom percent, is shown below. 
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Assume: a. Total nitrogen in plant (Np) comes from 
two sources: Nitrogen in fertilizer (%) 
Nitrogen in soil (Kg) 
b. Atoia percent in Ng = 0.565 
c. Fraction of Np from Kp = y 
d. Fraction of Kp from Ng = 1 - y 
Hence: of Ns)(l - y) + of NF)(y) = 0^ ° of Np 
(0.355) (1 - y) + of Np)(y) = of Sp 
 ^ of Np - 0.365 _  ^atom excess of Mp y -  ^ __ 
 ^of Np> - 0.365 % atoiE excess N of Kp 
3. Nitrate and ajmnonium nitrogen in soil 
The method described by Black (5), taken from Olsen (35), 
v;as used for exchangeable ammonium deteiminations and for part 
of the nitrate deterioiinations. According to the method, 100 
gms. of soil were extracted v;ith 1^  potassium chloride at 
pH 1. Extracted ammonium nitrogen was distilled in the pres­
ence of magnesium oxide into a receiving acid. Afterwards, 
Deyardas alloy was used to reduce nitrate nitrogen to ammonia 
which was distilled into acid. Once quantities of ammonium 
nitrogen were shown to be insignificant in a few representative 
samples from each experiment, no further ammonium analyses 
were made. Thus, most of the nitrate determinations were made 
by the phenoldisulfonic acid method. A comparison of results 
from a number of soil samples showed Olsen's method gave values 
« 
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of several ppffl- greater nitrate nitrogen than the phenoldi-
sulfonic acid method. Stand^ d solutions were double checked 
but no discrepancy could be found to explain this difference. 
Blscls: (5) has described the phenoldisulfonic acid method. 
However, several improved techniques >;ere developed. The dif­
ficulty of obtaining clear filtrates was overcome by adding 
0.5 to 0.5 g2i. calcium sulfate directly to the soil. Adding 
65 ml. of a saturated calcium sulfate solution (containing 
not over 0.1 gm. of calcium sulfate) suggested by Black failed 
to give clear filtrates on all soils. A 5-nil. aliquot of 
the filtrate was evaporated, 1 ml. of phenoldisulfonic acid 
added, 18.5 ml. of water added, and 7.5 ml. of 1:E ammonium 
hydroxide added to develop the color. Color intensity of 
the solutions was determined -with an Evelyn photoelectric 
colorimeter with filter 420. 
D. Statistical Analyses 
Methods for statistical analyses of the data are outlined 
by Cochran and Cox (10), Snedecor (48), and Ostle (37). In 
the analysis of data for soil.samples^  depths were considered 
a sub-unit treatment. Because they -isrere not randomised inde­
pendently within each unit, they are considered arranged in 
strips across replicates. Consequently, in the analysis of 
variance described by Cochran and Cox, separate estimates of 
error -were obtained for the unit, sub-unit, and unit x sub-unit 
interaction effects. Missing plots v;ere c^ culated according 
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to Cochran and Cox. Correlation coefficients, linear regres­
sion analysis, and analysis of variance piHDcedures, with the 
exception of the above, were calculated according to aethods 
of Snedecor» The general procedure for multiple regression 
analyses was that of Ostle-
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IV. HESULTS AND DISCUSSION 
Resiilts of this study are presented to show first, the 
effects of residual nitrogen on plant yields and second, the 
quantities and forms of residual soil nitrogen. An effort 
will he made then to relate the effect on plants with the soil 
data. Along with the reported effects of residual nitrogen 
on plant yields, methods are described for evaluating quanti­
ties of residual nitrogen in soil. In accord with the devel­
opment of the study, field and greenhouse experiments are dis­
cussed in a chronological sequence-
A. Field Experiments 
1- Residual effects on oat yields 
In the 1953 oat experiments, yields of grain, dry matter, 
and nitrogen were measured. Data from these experiments are-
presented in Table 3. In 1952, the average nitrogen effect 
on corn was statistically significant*- at all locations, 
except at location 5. Corn yield responses to rates greater 
than 80 lbs. of nitrogen per acre generally were not appre­
ciably greater than the responses to the 80-lb. rate. The 
•"•Unless specified otherwise, the term significant will 
indicate statistical significance at least at the 5 percent 
level and it will be represented by a single asterisk. The 
term highly significant will refer to a significance level of 
1 percent or higher and it will be represented by double 
asterisks. Statistical significance at the 10 percent level 
will be indicated by the symbol,t . 
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Table 5. Sffects of nitrogen applications on yields of corn 
in 1952 and the succeeding oat crop in 1953 
1953 oat yields 
U applied to Corn yield Grain Dry matter N 
corn*in 1952, increase, increase, increase, increase, 
lbs ./a. bu./s-* Its./a. Ifcs./a-
Location 1. Marshall silt loaa (Keppl) 
(901®- (24) (2,893) (32) 
60 16® 10 305 3 
120 20 6 843 21 
180 16 6 872 31 
Location g. Sharpsburg silt loani (l^ 'ainitfriglit) 
(95) (24) (1,836) (26) 
40 25 5 144 2 
80 19 9 333 4 
120 19 10 329 7 
Location 3. G-alva silt loam (Elshuis) 
(71) (30) (1,625) (19) 
60 29 1 125 1 
120 29 5 934 15 
180 34 29 2,289 38 
Location 4. Nicollet loam (Coon) 
(61) (17) (2,357) (30) 
60® 34 -1 -73 -1 
120® 53 0 257 2 
Location 5. Galva silt loam (Munns) 
(66) (37) (2,803) (39) 
40 -6 -3 7 4 
80 -3 5 447 14 
Location 6. Ida silt loam (Urometer) 
(18) (1,388) (15) 
40 — 0 243 4 
80 — . _i 54 4 
2-Yields in parentheses are those obtained v;ith no added 
nitrogen. 
bEach number is an average of two or more replications -
®The amoiints of P2P5 snd KgO applied with the 60- and 
120-lb. nitrogen treatments were 60 and 120 lbs. per acre, 
respectively. 
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levels of statistical significance of the 1952 and 1953 
treatment effects on oats are given in Table 4. 
The linear effects of nitrogen rates on oat yields were 
predosiinant for "both the 1952 and 1953 applications. Although 
the 1953 applications affected grain and dry matter yields of 
the oats in a linear manner in most cases, there -were two 
locations each at which the effects could "be described more 
satisfactorily by a curvilinear relationship. The highly sig­
nificant linear effects of the 1953 treatments on nitrogen 
Table 4. Statistical significance of effects on oat yields 
in 1955 from residual nitrogen resulting from 
applications in 1952 and nitrogen applied directly 
in 1953 
Oat yields 
Location Grain Dry matter N 
1952 treatment effects 
1 •»(Q,ca) 
2 N.S. U.S. 
3 •=^CL,Q) •=^ (L) *(L) 
4 N.S. K.S. K-S. 
5 HL) ' lUB. '^(L) 
5 K.S. N.S. M.S. 
1953 treatment effects 
1 'KL) (^L) «*(L) 
2 »*{L) ««(L) 
3 »^ (L, Q) »*(L) 
4 ««(L) ««(L) 
5 Q) Q) 
6 »^ (L,Q) «*(L) 
-^Individual degrees of freedom comparison associated 
with linear (L), quadratic { Q), end cubic (C) regression. 
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yield indicate that nitrogen yield increased at a constant 
rate over the range of applications employed in 1953-
As sho-wn in Table 4 . there were significant residual 
effects on oat gr^ n yields at all locations except at 4 and 
6. At those locations there were large responses "by corn to 
applied nitrogen the previous year. Thus, an inverse rela­
tionship was indicated between the response of corn to applied 
nitrogen with the residual effects on oats. Scarseth et al» 
(43) have observed this relationship in Indiana- Ho^ jever, 
Dumenil (14) was unable to show this relationship to be statis­
tically . significant in corn and oat experiments in iowa-
A1though the importance of grain yields is recognized 
for various.economic aspects of the residual nitrogen problem, 
they are more remotely related to the level of available soil 
nitrogen than dry matter or nitrogen yields. Of these three 
criteria for jmeasuring effects of residual nitrogen on plants, 
nitrogen yield is considered most closely related to the quan­
tity of available soil nitrogen. Hence, it s?ill serve better 
than the others for measuring quantitative effects of residual 
nitrogen. The reason for this is that grain and dry matter 
yields are considered more subject to erratic conditions of 
climate, plant disease, insect injury, and levels of moisture 
and other nutrients. Consequently, grain and dry matter 
yields may often underestimate effects of residual nitrx>gen. 
An iaroortant conclusion from yield data in Table 3 and 
precipitation data in Table 1 is that carry-over of nitrogen 
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was important in a year of near-noraal rainfall- Hence, a 
drouglitiiy corn season does not appear to have been a pre­
requisite for carry-over of nitrogen to oats from applications 
made to corn in tiie case of these soils-
IThe dry matter and nitrogen yields of oats in the 1956 
e:z;periiiients are shoifi?. in Table 5- The levels of statistical 
significance of the average treatment effects sre also pre­
sented- These data show large effects of residual nitrogen 
after a season in which precipitation was below normal- As 
shown in Table 1, precipitation from Hay 1955 through April 
1956 was beloi'j normal at each location of the 1955 experi­
ments-
Ammonium nitrate was the form of commercial fertilizer 
nitrogen used in eaperiments^  1, 2, 5, 3, and 11. In experi­
ment 12, both ammonium nitrste and urea were used. In e:^ eri-
ments 3, 4, 6, 7, S, IG, and 11 manure was applied to a meadow 
sod and plov^ ed under for corn. In experiment 9, manure ^ «as 
applied to plo^ e^d soil and disked in-
For four of these experiments the nitrogen treatment 
effects are averaged across several rotations- The rotations 
at experiment 2 were corn-corn-oats-meadow (C-C-O-M) and 
C-O-M-H; at 6, G-O-C-0, G-G-M-M, and C-C-O-M; at 9, C-0, 
C-O-M, C-C-O-M, C-G-Q-M-M; and at 10, C-C-0, G-C-O-M, 
*In 1956, there >,'ere more than one experiment at esch of 
several locations- Experiments in 1956 will be referred to 
as experiment number to distinguish them from those of 1953 
referred to as locations. 
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Tacle 5. Effects of nitrogen treatments msfle to corn in 
1S55 on dry matter and nitrogen yields of oats 
in 1956 
Experi-
sisnt County and soil 
Treatment 
applied to corn, 
ToS'/a-
K P.-^ Oc K^ O 
Ost yields 
Dry matter H 
Delaware (Wack.er) 
Carrington 
silt loam 
0-
40 
SO 
120 
240 
3,752%.S. 
3,624 
5,998 
4,112 
4,006 
55^  
50 
52 
6S 
71 
VJri^ t 
Webster silty 0 
clay loam 30 
(Rot.-fert. 60 
exp-) 120 
5,584'''"^  ^
3,833 
4,354 
4,7^ 3 
49** 
56 
71 
85 
Davis 
3 Sdina silt loam 0 0 1,129 K .s. IS t 
(Hot—fsrt. 0 80 1,256 20 
exp.) m 1,473 25 
CD
 
80 1,386 22 
4 Edina silt loam 0 0 0 912^  « 15^ --5!-
(MPK exp.) 0 80 0 1,356 23 
0 0 80 891 15 
0 80 80 1,434 22 
8K 0 0 1,374 25 
SM 80 0 1,654 29 
8^ ! 0 80 1,458 25 
8M SO 80 1,701 30 
t^onona 
5 Monona silt loaa 0 1,540 K .3. 29» 
(Legume vs. 20 1,535 33 
fertilizer 40 1,963 41 
N exp.) 80 2,176 49 
T^reatments of manure (M) are expressed as tons per acre-
S^ach number is an average of two or more replications. 
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Table 5. (Continued) 
Treatment 
applied to corn. 
E^ e^ri- lbs./a. Oat yields 
ment County and soil N 2^^ 5 2^^  laatter H 
Monona 
6 Ida silt loam 0 0 644'»^ > 11*^  
(Hot. exp.) 0 120 1,153 22 
0 985 18 
SM 120 1,261 24 
Howard f 
7 Carrington 0 0 2,6821 51» 
silt loam 5K 0 3,494 67 
(3-yr. rot.- 0 20 3,806 72 
fert. exp.) 6M 20 4,788 85 
S Carrington 0 3,835 N o • lJ • 52 H 
silt loam SM 4,871 73 
(4-yr. rot- 40 4,490 65 
Tert- exp.) 40,SM- 5,051 77 
s Carrington 0 30 30 4,179 N • S* 60 t 
silt loam 8M 30 30 4,344 67 
(Rot. exp.) 
Buchanan 
.0 Carrington 0 0 0 2,940«- 49« 
silt loaa 8M 0 0 4,125 74 
(o-yr. rot — 0 20 0 3,641 61 
ifert. exp.) 0 0 20 2,896 51 
0 20 20 4,301 75 
m 20 0 4,482 82 
61"! 0 20 3,824 69 
cK 20 20 4,466 79 
LI Carrington 0 3,273 t 52^  ^
silt loam 20 3,693 64 
(Rot—fert. exp 0 40 3,597 67 
3,820 62 
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Table 5. (Continued) 
Experi­
Treatment 
applied to corn, 
lbs-/a. Oat yields 
ment County and soil 14 ?^ 5 KgO Dry matter w 
Buchanan 
12 Carrington 
silt loam 
(Source of 
N exp.) 
u 
30° 
60° 
3of 
60^  
1,951 N.S. 
1,961 
£, 294 
2,237 
2,615 
30 N. 
26 
29 
31 
35 
N^itrogen applied as ammonium nitrate. 
'^ Hitrogen applied as urea. 
C-C-O-M-M, and C-C-O-M-M-K. At esperiiuent 6, sweet clover 
followed oats in the C-O-C-0 rotation. Effects of rotations 
on dry matter and nitrogen yields were not significant at 
experiments E, 6, and 9. At experiment 11, dry matter yields 
were not affected significantly by rotations but nitrogen 
yields were. For the convenience of presentation, however, 
only average nitrogen treatment effects are given. 
In the 1956 experiments, residual nitrogen increased dry 
matter yields significantly (10 percent level or higher) in 
six experiments and nitrogen yields in 10. Effects from the 
residual nitrogen were generally most pronounced for rates 
exceeding 40 lbs. per acre. Irhe only comparison between 
sources of fertilizer nitrogen could have been made in 
e:2^ eriment 12. Unfortunately, the effects due to residual 
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nitrogen were not statistically significant. Nevertheless, 
urea tended to give larger nitrogen yields than ammonium 
nitrate at both levels of added nitrogen. 
Residual effects from manxxre were measured in ei^ t 
experiments. The effect on nitrogen yield was significant 
(10 percent level or higher) in seven of them. The residual 
effects from aianure plus phosphorus appeared larger than 
effects from manure alone. This interaction, however, failed 
to be statistically significant. 
Phosphorus applied alone significantly increased nitrogen 
yield of oats one year later in es5>eriments 4, 6, and 7. One 
feasible explanation for these results is that the applied 
phosphorus increased growth of legumes in the rotations. 
This effect of phosphorus would likely have resulted in lsj?ger 
aniounts of nitrogen being fixed by the legumes and, hence^  in 
greater quaiitities of available nitrogen for nonlegumes. The 
applied phosphorus might also have increased laineralization 
of organic nitrogen in soil, thus resulting in an increased 
quantity of available soil nitrogen; it :sight have resulted 
in increased growth of roots and thereby made the plants 
more effective in absorbing nitrogen already available; or 
it might have enabled plsiits to ^ sorb more nitrogen simply 
by increasing their- capacity to metabolize nitrogen as a 
result of more sufficient levels of phosphorus. A combina­
tion cf these factors possibly accounts for the observed 
results. Fine (15) has reported considerable evidence from 
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six nortli central states showing positive effects of applied 
nitrogen on phosphorus availability. However, there is no 
report, to the Imowledge of the author, showing that applied 
phosphorus has resulted in increased absorption of nitrogen. 
2. Estimated Quantities of residual nitrogen 
where nitrogen carry-over is important, a, method for 
estimating the residual quantities is valuable for several 
reasons. It can serve in estimating optimum levels of nitro­
gen fertilization in the residual year; in allowing for a 
lovjer- rate of discounting for uncertainty of profitable 
returns due to adverse conditions; and in establishing a 
basis for conrpensation for residual nitrogen benefits in 
leasing arrangements. But more specifically for this study, 
a method was needed to estimate residual quantities of nitro­
gen which could be correlated to quantities of several forms 
of soil nitrogen determined by chemical analyses prior to 
growth of a crop. 
The linear regression of nitrogen yield on nitrogen 
added was employed to estiaate quantities of residual nitrogen. 
The procedure in field experiinents has been described by ¥hlte 
et al' i ST) . It consisted of applying three or more rates of 
nitrogen to oats in the residual year and measuring the 
effects on nitrogen yield- From data obtained .for these 
treatments, the regressions of nitrogen yield on nitrogen 
added can be calculated. 
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In all of the 1953 oat experiments except location 2, the 
direct applications were made to all plots of the 1952 corn 
eaperiments. Thus, the regression of nitrogen yield on nitro­
gen added -was estimated for each residual level. This method 
of estimating residual quantities is shown in Figure 1 using 
data from location 5. To simplify the graph, the regression 
for the 40-lb- residual level is not shown as it showed little 
or no residual effect. 
The regression coefficient, 0.446, is an average of 0.423 
and 0.458 for the 0-and SO-lh- rates of nitrogen in 1952, re­
spectively. The coefficients did not differ significantly, 
hence, the average value T'jas used. This value is equivalent 
to the "common" coefficient described by Snedecor (48) because 
of constant increments of X. 
•Where no nitrogen was added in 1953 the nitrogen yields 
of oats were 39.4 and 53.4 lbs. per acre, respectively, from 
rates of 0 and 80 lbs. applied in 1952- This difference of 
14 lbs• does not express residual nitrogen per se from the 
80-lb. treatment. It is only the effect of residual nitrogen. 
An estimate of the residual quantity is provided, however, by 
extrapolating both lines to the abscissa and calculating the 
intercept values of -89 and -125 lbs. per acre. The absolute 
values of these extrapolations represent quantities of soil 
nitrogen effective in producing the corresponding nitrogen 
yields in plants at the zero-level of added nitrogen in the 
residual year. The difference between the two intercepts, 36 
48 
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RESIDUAL NITROGEN =36 LBS/A. 
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Y/ 
Figure 1. Regression of nitrogen yield of oats on nitrogen, added 
previous year to corn at location 5; the shaded 'areas 
percent probability level 

80 LBS NITROGE 
36 LBS/A 
0 15 30 45 
1953 NITROGEN APPLICATION, LBS/A. 
oats on nitrogen-added in 1953 at two levels of nitrogen applied the 
;ion 5; the shaded ;areas represent confidence interval belts at the 95 
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lbs.* Is considered to be the residual soil nitrogen resulting 
from the iriitial 80-lb. treatment. This residual quantity is 
equivalent in effect to 45 percent of the initial treatment-
An important qualification concerning the method in 
Figure 1 applies to basic characteristics of linear regres­
sions. For pu3?poses of illustration, confidence intervel 
belts (95 percent probability level) sre shown for the two 
regressions. Their comparative -widths show that the regres­
sion of nitrogen yield on nitrogen added was estimsted with 
greater precision at the lower soil nitrogen level. The vrider 
belt is the result of a larger standard error of the regres­
sion coefficient, b. The correlation coefficients, 0.S2 and 
0.71 for the 0- and 80-lb. residual levels, respectively, also 
illustrate the difference in precision of the estimates of 
regressions. The coefficients are significant at the 1 and 
5 percent levels, respectively. 
Secondly, the width of a belt increases with distance 
fro21 X, the average quantity of nitrogen added. In like man­
ner, the uncertainty of differences between regressions in­
creases with distance from X. Thus, the extrapolated value 
of 36 lbs. of residual nitrogen is not statistically signifi­
cant. But, the interpolated horizontal distance through the 
point X, Y, from one regression to the other is statistically 
significant because it is through an area in which there is 
no overlapping of confidence interval belts, or where the 
regressions are of different populations at the S5 percent 
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probability level. Actually, the quantity is the same because 
of parallel regression lines due to use of laie average regres­
sion coefficient and, hence, identical triangles. This exam­
ination of the regression data illustrates the caution with 
which significance should be attached to deductions from 
regressions. 
Another consideration limiting the applicability of the 
method in Figure 1 is the range through which a linear rela­
tionship holds between nitrogen yield and nitrogen added. 
Where conditions, such as limited availability of water and 
other nutrients, cause nitrogen yield to increase at a de­
creasing rate with applied nitrogen, a curvilinear relation­
ship occurs. This type of relationship is more difficult to 
eapress mathematically and adds greater uncertainty to deriva­
tions from experimental data. 
Estimating quantities of residual nitrogen by the above 
method requires that the regression coefficients be essen­
tially equal for different residual levels. In other words, 
there should not be a significant interaction between the 
levels of residual and directly applied nitrogen. A signifi­
cant positive interaction would result in larger values of b 
for the higher residual levels than for the lower residual 
levels. This situation might be expected where the directly 
p^lied nitrogen would cause greater absorption of residual 
nitrogen, such as made possible by larger root systems in 
absorbing nitrogen below the plow layer. A negative inter­
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action would appear to occur most likely when conditions such 
as availa3>le moisture or other nutrients seriously limit plant 
growth. 
VJhere significant differences between regression coeffi­
cients for residual levels are found, there would be doubt as 
to the validity of estimating residual nitrogen by the method 
in Figure 1. For such conditions, IShite et (57) have 
proposed two alternative methods. By these, the difference 
between two yield points or between two ordinate intercepts 
fo-r nitrogen yield is expressed in units of the abscissa-
!Ehis is accomplished by using the regression on the zero-
residual level. The intercepts for each residual level are 
calculated from the regression of nitrogen yield on nitrogen 
added. There is usually more precision in the intercept than 
in the point method because all data from the directly applied 
treatments are used to estimate the ordinate intercept values, 
while the point estimate is obtained from yields measured only 
at the zero-level of currently applied nitrogen. 
The alternative method using intercepts is applicable 
to d3.ta from locations 1 and 3. At these locations regres­
sion coefficients differed significantly between residual 
levels, or the coefficients failed to be significant at high 
levels of residual nitrogen. Calculated quantities of re­
sidual nitrogen at these locations are shown in Table 6-
The aberrant value of -23 lbs. of residual nitrogen where 
60 lbs. of nitrogen were applied at location 1 appears to be 
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Table 6. Estimated quantities®- of residual nitrogen at 
locations 1 and 3 in 1953 
N applied to 
corn in 1952, 
l"bs ./a* 
Coefficient of 
regression for 
N yield of oats 
on K added in 
1953 
Residual 
Its ./a-
Carry-over of 
original 
application, 
percent 
Location 1 
0 0.337* 
60 0.775«> -23 -38 
120 0.480 43 36 
180 0.218 83 46 
Location 3 
0 0.458* — —  
60 0.544» 4 7 
120 0.321 35 29 
180 -0.003 88 49 
C^alculated by substituting the difference between 
ordinate intercepts of the residual levels into the regres­
sion equation of the zero-residual level and solving for X-
a result of the large regression coefficient, 0.775. As 
shown in Table 3, an increased nitrogen yield of 3 lbs. is 
indicated for the 60 lb. treatment, which is equivalent to 
comparing point estimates on the 02?dinate. Thus, the calcu­
lated value, which is largely a result of unusually high 
nitrogen yields obtained from the hi^ est level of directly 
added nitrogen, should be considered with reservation. 
At location 4, the regressions satisfied requirements 
of the method illustrated in Figure 1. Differences between 
calculated residual values are nil, therefore, they are not 
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reported-
At location 2 in 1953, and experiments 1 and 12 in 1956, 
residual quantities were estimated by applying nitrogen treat­
ments in the residual year to only the plots that received no 
nitrogen the previous year- From the regression of nitrogen 
yield on rates of nitrogen applied directly, the nitrogen 
yields of residual treatments are expressed in units of 
nitrogen applied in the residual year. There was no signifi­
cant residual effect at location 2, "but estimated quantities 
of residual nitrogen in experiments 1 and 12 are shown in 
Figure 2- The estimated residual quantities in the figure 
will be discussed later-
3. Form of residual nitrogen in soil 
a. Residual soil nitrogen at end of corn season. The 
only data presented from the two corn experiments conducted 
in 1953 will be for the soil analyses. Effects on grain and 
dry matter yields in 1953 were not significant at either loca­
tion. In this year, nitrogen yield was increased significantly 
only at Howard County. The residual effects in 1954 were not 
significant except for the average effect on percent nitrogen 
in corn leaves at Howard County. The residual effects in 1955 
were nonsignificant. 
As shown in Table 1, the 1953-1954 season precipitation 
V7as nearly 7 in. above normal at Howard County and about 10 
in. below normal at Ringgold County. In the 1954-1955 season. 
Figure 2. Kitrogen yields of oats as affected by nitrogen 
applied directly and residual nitrogen from 
p^lication to corn in 1955; the residual 
effects are indicated by the intei*polated or 
extrapolated values for the residual treatments 
as marked and are epressed in units of 
nitrogen added directly 
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Experiment 1, 1956 
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precipitation was a'bove normal at Howard Goimty and below at 
Ringgold- The distribution of precipitation at the latter, 
however, was so unfavorable that crop yields were severely-
limited. Although the plant data have not been very service­
able in this study, the soil data show several important 
points. 
Quantities of soil nitrate and ammonium nitrogen found 
during the 1955 corn season in the 0 to 30-in. depth are 
reported in Table 7. These data show that there were large 
quantities of residual nitrates in late summer but only neg­
ligible quantities of residual exchangeable ammonium nitrogen. 
By the first of August at both locations, quantities of 
ammonium nitrogen in the treated plots were approximately 
equal to those in the check plots. In Ringgold County, 
nitrate nitrogen in the treated plots increased for the period 
in which ammonium nitrogen was markedly disappearing. However, 
at Howard County, nitrates decreased with time at all levels 
of added nitrogen. This opposite trend in the quantity of 
nitrates found with time may possibly be explained by differ­
ences among the two soils with respect to their rates of 
mineralization of soil nitrogen, their rates of immobilization 
of nitrates by microorganisms, their capacities to fix ammo­
nium nitrogen in an unavailable form, differences in the rates 
corn absorbed nitrogen from the two soils, and the difference 
between leaching losses in the two soils. !33iese conditions 
probably account for the fact that greater qusjnttities of 
57 
Table 7- Ultrats and ammoniuni nitrogen, lbs. per acre,® 
in the 0-30" soil depth at various dates during 
the 1953 com season following application of 
ammonium nitrate in experiments located in two 
counties 
Nitrogen applied^  lbs. t>er acre 
Sampling date 0 60 120 180 
Howard County^  
Nitrate nitrogen 
•J April 23 110° 91 82 37 
2 May 27 39 94 137 164 
3 June 18 59 94 115 154 
4 July 12 68 100 124 129 
5 Aug. 11 35 66 96 97 
6 Sept. 10 13 33 56 73 
Residual +20 +43 +60 
Ammonium nitrogen 
1 66 71 66 58 
2 49 61 66 78 
3 36 57 61 50 
4 62 65 66 57 
5 52 52 51 44 
6 45 36 46 46 
Residual •<•1 +1 
Ringgold County*^  
Nitrate nitrogen 
1 May 11 36 33 39 36 
2 June 1 44 55 75 92 
3 June 22 54 60 86 127 
4 J uly 3 30 44 103 139 
5 Aug. 13 27 55 106 111 
Residual +28 +79 +84 
a^sis of 5 in. of soil weighing 2,000,000 lbs. per acre. 
F^ertilizer applied after sespling April 23, 1963. 
®Each value is an average of four replications. 
•^ Fertilizer applied after sampling May 11, 1953. 
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Table 7. (Continued) 
Nitrogen applied, lbs- per acre 
Sampling date 0 60 120 180 
Ringgold County 
Ammonium nltroe:en 
1 49 49 55 57 
2 42 57 83 106 
3 57 49 54 63 
4 34 41 45 49 
5 41 39 45 45 
Residual -E +4 +4 
residual nitrogen were present in the Grundy silt loam in 
Ringgold County than in the Cresco silt loam in Howard County. 
The distribution of nitrate nitrogen in four depths at 
the last sampling date for both soils is shown in Figure 3. 
In the Carrington soil the residual nitrates were distributed 
in the 0 to 50-in. depth. In the Grundy soil, the residual 
nitrates were concentrated in the 0 to 6-in. depth. This 
difference between the two soils is reasonable considering 
that precipitation in June, July, and August in Howard County 
was 10.6 in. above normal. For the same period in Ringgold 
County, precipitation was 2 in. below normal. 
One can conclude from the data for these two soils that 
a residual quantity of nitrates equivalent to at least one 
third of each of three rates of applications of ammonium 
nitrate was foiind near the end of the corn season. This 
Figure 3^  Distribution of residual nitrate nitrogen at 
the end of the 1953 corn season following 
applications of ammonium nitrate to two soils 
60 
Nitrate nitrogen, lbs./A. 
20 30 40 50 60 70 80 0 
0-6 
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residual nitrogen vjas largely in the 0 to 21-in. soil depth, 
although rainfall in the suiiiiner months exceeded the normal by 
10 in. at one of the locations. Increased quantities of 
ammoniura nitrogen resulting from the fertilizer were net 
found after the last of July or the first of August. 
b. Residual soil nitrogen one year after gp-plicgtion. 
As explained earlier, the main objective of taking soil 
samples in the oat experiments of 1953 and 1956 was to relate 
forrss, quantities, and location of soil nitrogen with residual 
effects on nitrogen yield of oats. The residual effects on 
oats are attributed in these experiments to the carry-over of 
one or sore forms of nitrogen resulting from applications of 
nitrogen to corn. 
I^ itrifiable nitrogen, exchangeable ansnonium, and nitrate 
nitrogen are the forais in which nitrogen may carry-over in 
soils. Data of Hall (18), Crowther (12) and others (20, 21, 
34) have indicated a relationship between increased quantities 
of nitrates and residual effects, but the particular form of 
residual nitrogen has never been definitely established. In 
light of evidence reported by Fitts ^  (16) of the capac­
ity of soils in Iowa to supply nitrogen through nitrification 
it appeared necessary to determine if residual effects were 
associated with nitrification rates. Information on exchange­
able ammonium also appeared necessary since approximately 70* 
*Tonnage of fertilizer sold in Iowa in 1955. February 
22, 1956. Iowa Department of Agriculture-
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percent of the conmercial fertilizer nitrogen used in Iowa 
is in the ammoniiim form. This figure is for only nitrogenous 
fertilizers applied directly, thus, it does not include ammo­
nium nitrogen applied in mixed fertilizers. 
Results of nitrification rate tests for locations 4, 5, 
and 6 in 1953 and experiment 1 of 1956 are given in Table 8. 
Data are shown to compare the differences among soil samples 
Table 8. Effects of nitrogen applied to corn in 1952 and 
1955 on nitrification ratesS- of soil sampled the 
following spring in selected experiments, lbs. 
per acre 
K applied, 
lbs ./a. 0-6 
Soil depth. 
6-12 
in. 
12-21 Total 
1953 
location 
4 0, 186 69 3 258 
120° 183 63 13 259 
5 0 162 57 21 240 
80 162 49 31 242 
6 0 105 15 3 183 
80 108 15 6 129 
1956 
exDeriment 
1 0 149 11 5 165 
40 142 12 2 156 
80 148 7 3 158 
120 145 3 2 150 
240 135 10 4 169 
D^ata are given for only the check snd highest rate of 
applied nitrogen. 
P^lus 120 lbs. per acre of each P2O5 and KgO. 
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representing the hi^ est and lowest residual levels for each 
experiment. Although these data do not represent ail experi­
ments in this study, they do provide evidence that nitrifica­
tion rates of soils from the four e^ qjeriments did not appear 
to be affected by the residual nitrogen fertilizer treatments. 
As pointed out earlier, large residual effects on soil nitrates 
and nitrogen yields of oats occurred at location 5 end in 
experiment 1. 
A similar conclusion was made for ammonium nitrogen. 
Data which provide comparisons for the extremes of the range 
of possible residual values are presented in Table 9. They 
show different soils end depths within a given soil varied 
considerably in ammonium content, but no appreciable residual 
effects were apparent. 
Nitrogen applied to corn had statistically significant 
effects one year later on nitrate nitrogen in soil in eight 
out of 14 experiments. There is one question worthy of quali­
fication at this point. It is: What portion of the increased 
soil nitrates resulting from a given treatment the year before 
is of the same nitrogen as that applied? This question is 
mentioned because there is evidence, such as that reported 
by "Walker £t (S5), of applied nitrogen being incorporated 
in soil organic matter by microorganisms. Furthermore, there 
is the possibility of applied nitrogen increasing the rate 
of mineralization of soil organic nitrogen. Experiments in 
this study were not designed to answer these questions, but 
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Table 9. Effects of nitrogen applied to corn in 1952 and 
1955 on ammonium nitrogen^  in soil sampled the 
following spring in selected experiments, lbs. 
per acre 
applied, 
lbs ./a. 0-6 
Soil depth. 
6-12 
in. 
12-21 Total 
1953 
location 
4 0 10 10 16 36 
120® 18 10 9 37 
5 0 19 15 13 47 
80 21 13 12 46 
6 0 10 10 9 29 
80 8 2 8 18 
1956 
exTDeriment 
1 0 9 8 14 31 
240 10 9 8 27 
2 0 14 8 5 27 
60 14 9 9 32 
4 0 15 10 14 39 
8M 13 18 45 
5 0 22 17 27 66 
80 21 15 26 62 
8 0 19 20 16 55 
8M 18 14 14 46 
10 0 , 15 11 16 42 
61# 15 10 12 37 
12 0 12 10 12 34 
60® 13 8 11 32 
®Data are given for only the check and highest rate of 
applied nitrogen. 
T^reatments of manure (M) are expressed as tons per acre. 
®Plus 120 lbs. per acre of each P2O5 and 
P^lus 20 lbs. per acre of each P2O5 and KgO. 
R^esults are for ammonium nitrate. 
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rather to determine i.-hat form of nitrogen was increased by-
previous treatments and if this form were related signifi­
cantly to ohserved residual effects on plant nitrogen yield. 
Quantities of nitrate nitrogen found in the 1S55 and 1956 
oat experiments are shown in Table 10. tThe data represent 
averages of t^ jo or three replications e::icept at experiment 6 
where data for only one replication are available-
Experiments from which soil samples were talcen -were of 
a randomized block or split-plot design except for experiment 
1 of 1956. In it^  plots were completely randomized without 
blocks. Illustrative exaE^ des of the statistical analyses 
for the three designs are in Tables 11, 12, and 13. Data 
for depths vjere treated according to the method of Cochran 
and Cox (10) where the depths are considered sub-plots in 
strips across replicates. 
In Table 14 are given the levels of statistical signifi­
cance for the average treatment effects on nitrate nitrogen 
in the 0 to 21-in. depth. A pr-osiinent feature of the data 
for nitrate nitrogen is that there were larger quantities of 
it in depths below the plow layer than in the plow layer. An 
exception to this was found for the Edina soil in experiments 
3 and 4. In these two experiments, rainfall for the 12-mcnth 
period prior to taking soil samples was 10.4 in. below normal 
and was appsxently insufficient to result in substantial 
movement of the nitrates. 
From Table 14, one can see that there xvas generally a 
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Table 10. Effects of nitrogen applied to corn in 1952 and 
1955 on nitrate nitrogen in soil sampled the 
following spring, lbs. per acre 
Treatment,^  
lbs./a. Soil depth. in. 
Total N P2O5 KgO 0-6 6-12 12-21 
1953^  
location 
4 0 1 3 7 11 
60 60 60 1 2 4 7 
120 120 120 1 2 5 8 
5 0 3 7 7 17 
40 3 11 13 27 
80 2 15 26 43 
6 0 0 5 9 
40 2 3 6 11 
80 1 2 5 10 
1956 
experiment 
1 0 8 10 17 35 
40 8 12 16 33 
80 7 10 17 34 
120 10 15 25 50 
240 12 18 47 77 
2 0 5 20 16 41 
30 6 14 21 41 
60 9 19 30 58 
120 10 38 55 102 
3 0 15 9 5 29 
0 80 • 13 8 4 25 
8K 22 14 8 44 
a^ i 80 16 10 4 30 
T^reatments of manure (M) are expressed as tons per acre. 
D^ue to band placement of the nitrogen at locations 1, 
2j and 3, the distribution of nitrogen could not be studied 
satisfactorily. 
Tsble 10• (Continued) 
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Treatment, 
lbs./a> Soil deijth. In. 
N ?205 KgO 0-6 S-12 12-21 Tot a] 
4 0 25 Q S 42 
0 80 20 14 12 46 
0 80 26 14 12 52 
8M 30 20 20 70 
BM 80 23 16 14 53 
8M 80 28 14 12 54 
5 0 6 8 14 £8 
20 8 10 14 32 
40 19 38 20 77 
80 15 40 38 93 
6 0 8 17 12 37 
0 120 12 18 14 44 
BM 6 15 14 36 
SM 120 8 29 31 68 
7 0 16 24 43 83 
6M 15 25 46 86 
0 20 15 22 49 86 
6M 20 12 25 59 97 
8 0 11 7 16 34 
BM 10 8 14 32 
40 5 6 o 20 
40, as 7 7 14 28 
9 0 17 17 24 58 
8M 16 19 24 59 
10 0 10 20 43 73 
6M 8 24 48 80 
0 20 7 16 40 63 
0 20 10 25 43 78 
0 20 20 12 30 42 84 
6M 20 9 30 65 104 
6M 20 12 29 41 82 
6M 20 20 10 34 44 88 
11 0 8 22 24 54 
20 10 27 37 74 
40 10 37 61 108 
4M 9 25 26 60 
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Table 10. (Gcntinued) 
Treatment, 
Ibs./a- Soil degth. In. 
K ?205 KgO 0-6 6-12 12-21 Total 
12 0 
30® 
60 c 
so} 
60^  
4 7 S 1 r\ 
K 
o 8 7 20 
6 9 13 28 
5 9 10 24 
8 6 15 31 
N^itrogen applied as ammonium nitrate-
K^itrogen applied as urea-
significant interaction between treatments and depths wherever 
there was a significant treatment effect. This interaction, 
may be inteipreted, in light of the data in Table 10 and 
Figure 4, to mean that relatively larger quantities of 
residual nitrogen were found at depths below the plow layer 
than in the plow layer where larger quantities resulted from 
the initial applications. In Figure 4, the nitrate distribu­
tion for three soil depths is shown for each of the lowest 
and highest residual nitrogen levels. The figure includes 
only those soils in which nitrate nitrogen content was sig­
nificantly increased by the residual treatments. 
This evidence explains several conclusions drawn from 
previous investigations on residual nitrogen in Iowa- Carson 
(9) applied nitrogen to oats in field experiments and deter­
mined the sum of nitrate and ammonium nitrogen in the 0 to 
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Table 11. Analysis of variance of soil nitrate data at 
e^erisient 1, 1956, sphere the nitrogen treatments 
were con^jletely randoiEized 
Source of Degrees of Sum of Moan 
variation freedom squares square F 
Total 59 6,498.5 
"lijhole plots 19 2,195.3 
K treatments(N) 4 1,817.1 454.28 18.02«* 
Plots treated 
alike 15 378.2 25.21 
Sub-plots 40 4,303.2 
Dep ths(D) 2 2,506.5 1,253.25 S.lia* 
D X N 8 1,236.6 154.58 8.27®«* 
Error 30 560.1 18.67 
O^btained "by D/D x N-
O^btained by D x N/error. 
fable 12. Analysis of variance of soil nitrate data at 
experiment 12, 1956, whiere the experimental 
design was a randomized block 
Source of Degrees of Sum of Mean 
variation freedom squares square F 
Total 44 565.5 
Whole plots 14 217.1 
Replications 2 53.4 26.70 
S treatment s(N) 4 96.1 24.03 2-84 
Error( a) S 57.6 8.45 
Sub-plots 30 348.4 
For depths 6 243.0 
Depths(I)) 2 210 .0 105.00 12.73^ -
Error(b) 4 33 .0 S.25 
Remaining 24 105.4 
D X N 8 59 .9 7.49 2.64-s-
Error(c) 16 45 .5 2.84 
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Tafcle 13. Analysis of variance of soil nitrate data at 
experiment 2, 1956, -where the e^ roeriisent was 
a split-plot design 
Source of Degrees of Sum of Mean 
variation freedom squares square F 
Total 47 12 
CO 
whole plots 3 647.6 
Replications 1 61.3 51.3 
Rotations(R) 1 569.9 569.9 21.59N.S-
Error (a) 1 26.4 26.4 
Sub-plo ts 12 3,893.8 
Nitr-ogen(N) 3 o,oS 3»9 1,128 .-0 20.S9'»* 
N X R 3 185.8 61.9 1.15N.S. 
£rror(b) 5 324.1 54.0 
3ub-sub plots 32 7,707.5 
For depths 4 4,.347.1 
Depths 2 4,259 .6 2,129.8 ll?.67-»# 
Error(c) 2 36 .2 18.1 
Remaining 28 3,350.4 
D X R 2 288 .2 144.1 2.02K.S. 
D X H 6 1,490 .6 248.4 3.48* 
D X R X N 6 582 .2 97.0 
Error(d) 14 999 .4 71.4 
6-in. d^ th through the season. He found no residual nitrogen 
in that depth and reached the general conclusion (p. 45): 
Any residual effect of nitrogen applied to oats 
and not recovered in the aerial portions of the 
plant prohahly results from nitrogen immohillzed in 
organic forms in soil and not from carzy-over of 
inorganic nitrogen to the next year. 
Information on nitrate content below the 0 to 6-in. depth might 
have altered his conclusion. Seymour (44) studied nitrate 
distribution and movement in severs! experiments in Iowa where 
60 lbs. of nitiHDgen were applied to corn. At one location. 
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Table 14. Statisuical significance of effects from nitrogen 
applied to corn in 1952 and 1955 on nitrate 
nitrogen found in tiiree soil depths in 1953 and 
1956 
Source of variation 
Treatment 
Treatment x depth 
Depth interaction 
1953 
location 
4 
5 
5 
K.S. 
«"»• 
N.S. 
« 
• S' 
N.S. 
-»• 
N.S. 
1956 
experiment 
1 
2 
3 
4 
5 
t 
t 
* 
«• 
K.S-
«• 
s.s. 
N.S. 
K.S. 
7 
8 
9 
10 
11 
N.3. 
K.S. 
K.S. 
iV .S • 
*•» 
«• 
t 
* 
K.S. 
K.S. 
N.S. 
K.S. 
12 «• «• 
with a Webster silt loam, as much as 150 lbs. were applied. 
He showed that there may be differences in nitrate nitrogen 
in soil due to fertilizer applied the previous year- How­
ever, the differences he found were proportionally distributed 
through the soil p3?ofile. The large variations among his 
samples and the relatively small quantities of nitrates pre­
clude any definite statements concerning the significance of 
Figure 4. Distritution of residual nitrate nitrogen by 
deptli in eight soil profiles resultir^  from the 
lowest and highest levels of previously applied 
nitrogen; samples were taken approxiisately 12 
months after fertilizer application 
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Nitrate nitrogen, lbs./A. 
0 15 30 45 60 0 15 30 45 60 
0-6 
Location 5, 1953 
Galva s.l. 
Exp. I, 1956 
6-12 
12-21 
Nitrate distribution for lowest residual level 
n K Nitrate " " highest " 
0 15 30 45 60 0 15 30 45 60 
0-6 
Exp. 2 
Webster s.c. I. 6 - 1 2  
 ^12-21 • 
o. 
Exp. 3 
0 15 30 45 60 0 15 30 45 60 
0-6 
Exp. 4 
6-12 
12-2 
Exp. 5 
( Monona s.l. 
0 15 30 45 60 0 15 30 45 60 
0 -  6  •  
12-21 
Exp. 12 
Carrington s.l. 
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residual quantities he found. 
On the other hand, data by vi'hite (55) support those 
already presented in this study. In an experiment conducted 
in 1951 in Iowa, he found no residual amEonium nitrogen in 
September from 75 and 150 lbs. of ammonium nitrate applied 
in the spring to corn. Soil was sampled to a depth of 30 
in. For nitrate nitrogen, a significant residual effect of 
approximately 40 lb. per acre was found from the ISO-lb. 
application but none from the 75-lb. application. In the fol­
lowing spring, the residual effect from the higher rate was 
sufficiently large to result in lodging of oats and damage to 
an alfalfa seeding. 
4. Relationships between nitrogen yield 
and residual soil nitrates 
Data presented in the above sections provide evidence of 
two phenomena. One is that nitrogen applied to corn has in­
creased nitrogen yields of a succeeding oat crop significantly 
in a number of experiments. The other is that residual 
nitrogen is largely in the form of nitrates- This section 
will show if these two phenomena are associated in a cause-
and-effect relationship. 
VJith the exception of experiment 12, a significant effect 
of nitrogen application on soil nitrate nitrogen yi&s observed 
wherever there was a significant residual effect on nitrogen 
yield of oats. Ihis comparison is for experiments in which 
• |i 
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nminon^ nni nitrate or urea were used as the source of nitrogen. 
Where manure was used, there were three e^ eriinents in which 
a significant effect was found on nitrogen yield without a sig­
nificant increase in nitrate nitrogen occurring. ISiis apparent 
difference between residual effects of commercial fertilizer 
nitrogen and sanure can be reconciled. Nitrogen in manure is 
largely in organic conibinations and may be released during 
decomposition of the manure over a period of several seasons. 
Thus, a residual effect of manure on plants could occur as a 
result of nitrogen released in a given season without an 
apparent increase in soil nitrates. A residual effect from 
Bianure would be detected from soil nitrate determinations 
only where decomposition of the manure resulted in an increase 
of nitrate nitrogen prior to growth of the crop in the re­
sidual year. This situation appears to apply to results of 
experiments 3 and 4 where residual effects on nitrogen yields 
of oats were accon^ janied by significant effects on soil 
nitrate nitrogen. 
Additional evidence is presented in Table 15 to support 
the hypothesis that residual effects of nitrogen are due 
largely to increased quantities of soil nitrates resulting 
from previous applications- There, the increase in nitrate 
nitrogen (from data in Table 10) is compared with estimated 
quantities of residual nitrogen. The estimated quantities 
were obtained from data for the regressions of nitrogen yield 
on nitrogen added in the residual year. These estimated 
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Table 15. CoiiK>arison of measured residual nitrate nitrogen^  
in three soil depths with estimated quantities of 
residual nitrogen by the regression of nitrogen 
yield of oats on nitrogen added in the residual 
year, lbs. per acre 
K treatment Measured Estimated 
to corn. Soil depth, in. residual. total 
lbs ./a. 0-6 6-12 12-21 0-21 in. residual 
Location 5. 1S53 
40 0 4 6 10 8^  
SO -1 8 19 26 36 
Exoeriment 1. 1956 
40 0 2 -1 1 -7 
80 - 1 0  0  -1 21 
120 2 5 8 15 30 
240 4 8 30 42 44 
Experiment 12. 1956 
Ammonium nitrate 
30 1 1  - 1  1 3 
60 2 2 5 o 13 
Urea 
30 12 2 5 9 
60 4 1 7 12 24 
®^ E3q)ressed as an increase over check plots. 
%ot shown in Figure 1 but -rfas calculated by the 03?dinate 
intercept method. 
quantities have been illustrated in Figures 1 and 2-
one sees from data in Table 15 that estimated quantities 
were usually larger in each experiment than the measured 
nitrates in the 0 to 21-in. depth. For the three experiments 
an average of 65 percent of the residual effect on nitrogen 
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yield could be accounted for "by the residual nitrate nitrogen 
present before growth of the crop. However, on the basis of 
data, illustrated in Figure 4, there is reason to assuae that 
there were residual quantities of nitrate nitrogen below the 
12 to 21-in. depth, \11th samples at greater depths, one prob­
ably could have accounted for a larger part of the residual 
effects of nitrate nitrogen on the nitrogen yield of oats. 
This supposition is on the basis that rooting occurs to s 
depth of approximately 2 ft. or deeper. 
Correlation and regression coefficients for nitrogen 
yield and soil nitrate ^ e^re calculated for location 5 of 
1955 and for the 1956 oat experiments• Values for these are 
in Table 16. Statistical significance is indicated for the 
correlation coefficient, r, but it applies also for the cor­
responding regression coefficient, b. The r's show a more 
frequent, as "Kell as closer, relationship between nitrogen 
yield of oats and nitrates in the lower depths than in the 
surface layer. There were four, six, and eight experiments 
in which significant r's »?ere found between the t-ao variables 
for the 0 to 6, 6 to 12, and 12 to 21-in. depths, respectively. 
These results are concordant .with the profile distribution 
curves for nitrates in Figure 4-
The b's are markedly different asong soils for the sur­
face depth. The large b's, particularly those that are 
greater than 1.0, indicate that there v.'as an iniportant inter­
action of nitrogen in one soil depth on the absorption of 
Table 16. Relationship between nitrogen yield of oats and nitrate nitrogen 
found at three soil depths as indicated by r and b for each depth 
at each site 
Correlation coefficient, r Regression coefficient, b 
Soil depth, in. Soil depth, in. 
0-6 6-12 12-21 0-21 t 
o
 6-12 12-21 0-21 
1963 
location 
5 0.297 0.620^ *^ 0.787<^ * 0.774-inf 3.212 1.662 0.832 0.596 
1956 
experiment 
1 0.416^  ^ 0.590<^ ^^  0,600<^ ^^  0.612*^  ^ 2.008 1.830 0.528 0.392 
2 0.609^ <^  0.619^ ^^  0.827<Hf 0.851^ H^  2.871 0.818 0.724 0.471 
3 0.420 0.471 0.130 0.417 0.272 0.397 0.160 0.132 
4 -0.200 0.397 0.407 0.253 -0.286 0.622 0.621 0.126 
5 0.631 0.930<^ ^^  0.765^  ^ 0.945<»->^  0.817 0.471 0.446 0.246 
7 -0.066 0.360 0.634 0.495 -0.168 0.682 0.593 0.291 
8 -0.333 0.456 0.258 0.172 -1.279 1.739 0.612 0.210 
9 -0.048 0.480 0.562^  ^ 0.377 -0.075 1.290 0.946 0.287 
10 -0.071 0.624*-» 0.593* 0.710»^ » -0.425 1.388 0.727 0.671 
11 0.349<<- 0.617*^  ^ 0.666^  ^ 0.659*^  ^ 2-135 0.681 0.383 0.245 
12 O . Q 2 5 ^  0.484 0.908*^  ^ 0.940^ * 3.111 2.237 1.551 1.014 
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nitrogen at a greater depth.. The relatively small quantities 
in the surface depth at location 5 of 1953, and escperiments 
1, 2, 11, and 12 of 1956, appeared to be highly effective in 
causing plants to absorb nitrates at the lower depths. For 
example, the reciprocal of the regression coefficient 3.212 
for location 5, shows an increase of l lb- of nitrogen yield 
resulted from the presence of 0.311 lb. of soil nitrate 
nitrogen in the 0 to 6-in. depth. Results such as these are 
only reasonable, however, in view of the data that show large 
quantities of nitrate nitrogen in the 6 to 12 and 12 to 21-in. 
depths wherever a value of b is greater than 1.0 for the sur­
face depth. The logical interpretation is that the surface 
nitrates resulted in more extensive growth of roots that in 
turn were able to absorb larger quantities of nitrates in the 
lower depths. Ko weight is placed on the negative coefficient 
values since none were statistically significant, and hence 
by the null hypothesis, are considered equal to zero. 
Data from experiment 2 are illustrated in Figure 5 to 
make the difference among b's for depths more meaningful. 
They should be con^ sared I'jith data illustrated in Figure 4. 
One interesting observation from Figure 5 is that the ordinate 
intercepts are nearly the same for data of the three depths. 
One can conclude, therefore, that the contribution from the 
organic forms in the soil—about 44 lbs. per acre—to the 
nitrogen yield of oats appeared to be independent of the 
regressions of nitrogen yield on nitrate nitrogen for the 
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6 - 2  12-21 
0 - 6  d e p t h  
6 - I2''depth 
12-21" depth 
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Nitrate nitrogen in soil, lbs./A. 
Figure 5.. Regression of nitrogen yield of oats on 
nitrate nitrogen in soil at three depths 
at experiment 2., 1956 
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tiiree depths. 
Considerations above where nitrogen yield has been re­
lated to single independent vari^ les (nitrate nitrogen in a 
given soil depth) have led to the conclusion that effects of 
residual nitrogen in the field can be largely accounted for 
by soil nitrates. This conclusion can be refined further by 
application of multiple linear regression analysis. For this 
purpose, data for nitrate nitrogen in each of three soil 
depths were related simultaneously to the residual effects 
on nitrogen yield of oats. Data from experiments 2 and 5 were 
used for this analysis because of the significance of the 
observed effects, and the absence of congjlieating effects 
from varying levels of other nutrients and rotations. 
The results of the analyses of variance for the multiple 
linear regressions are in Table 17. From these, one can con-
elude that 90 percent of the total variations in nitrogen 
yield can be accounted for by the multiple regression of 
nitrogen yield on nitrate nitrogen in the three soil depths 
in experiment 5. In experiment 2, the corresponding value 
is 77 percent. 
The estimated multiple regression equation for experiment 
2 is 
Y = 34.9 + 1.1678X1 + 0-1905X2 + 0.5525X3 
and for experiment 5 it is 
Y = 16.5 + 1.3017Xi ^  0.3244X2 + O.66O9X3 • 
Quantities of nitrate nitrogen in depths of 0 to 6, 6 to 12 
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Table 17. Analysis of variance of mltiple linear regres­
sion of nitrogen yield of oats on nitrate 
nitrogen in three soil depths 
Source of Degrees of Mean 
variation freedom squares F 
Experiment 2. 1956 
Total 15 
Due to regression 3 1,069.3 13.45'«-^  
Deviations from 
regression 12 79.5 
R2 = 0.771, R = 0.878»» 
Experiment 5. 1956 
Total 7 
Due to regression 3 149.2 12.54'»-
Deviations from 
regression 4 11.9 
= 0.904, R = 0.951* 
and 12 to 21 in. are referred to as Xg, and X3, respec­
tively. Estimated nitrogen yield is Y . 
The relative magnitude of the coefficients in the equa­
tions are misleading because they vary with their standard 
deviations. A comparison is possible, however, from the 
standard partial regression coefficients. These express hov^  
Y changes with a given X independently of the other two X's. 
The standard partial regression coefficients were calculated 
by solving three normal equations simultaneously as described 
by Snedecor (48). The resulting equations are given below: 
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Experiment 2, Y == 0.2343X^  + 0.1482X2 + 0.6349X3 
Experiment 5, Y = l.OOOOX^  - O-SSOIX^  I.1376X3 
The experimental errors associated with the estimated 
partial regression coefficients preclude any definite com­
parison of them or the standard partial regression coeffi­
cients. The latter do provide some indication, however, of 
the relative importance of nitrates in the three depths. 
Using the ^ -test, one can say that only the partial regres­
sion coefficient 0.05625 for the 12 to 21-in. depth in ex­
periment 2 was significantly different from zero. IJeverthe-
less, the coefficients combined in the multiple regression 
show a significant dependency of nitrogen yield on residual 
nitrates as pointed out toy the F-ratios and values of R in 
Table 17- Thus, the multiple regressions provide evidence 
for retaining the hypothesis that the effects of residual 
nitrogen on plants can be largely accounted for by the in­
creased quantities of soil nitrates, even if below the plow 
layer. 
In way of summary of the field data, one can conclude 
that the experimental data are evidence that considerable 
quantities of residual nitrogen were found in the form of 
nitrates. The largest quantities of this nitrogen were found 
in the 6 to 21-in. soil depth. The data indicate a distinct 
relation^ ip between the observed residual effects on nitrogen 
yield of oats and residual soil nitrates. 
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B. Greenhouse Experiment 
1. Residual effects on soil 
As e^ lained earlier bulls, samples of soil were taken 
from experiment 1 in May of 1955. The samples included soil 
from three depths (0 to 6, 6 to 12, and 12 to SI in.) from 
each of five residual nitrogen levels resulting from nitrogen 
treatments to corn in 1955. The depths are referred to as a, 
fc, and c, respectively. Results of soil tests for the re­
sidual levels of each depth have been given in Table 2. 
Data for nitrate nitrogen in the 15 lots of soil are in 
Table 18. More nitrate nitrogen was found in the bulk samples 
than in samples taken with soil probes. The difference be-
Table 10. Quantities of nitrate nitrogen, lbs. per acre, 
measured by chemical analysis in the 15 lots of 
soil®' used in the greenhouse experiment 
Depth of N applied to corn in 1955. lbs./a. 
soil, in. 0 40 80 120 240 
0-6 12^  IS 17 19 28 
6-12 9 9 8 7 18 
12-21 13 13 11 10 74 
0-21 34 40 36 36 120 
s-Soil was obtained from field e:^ eriment 1, 1956. 
A^verage analysis of three soil samples. Standard error 
of mean determination was 0.522-
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tween metiiods of sampling was greatest for the c-depth- A 
probable explanation for this difference is that the bulk 
samples may have contained a larger portion of the total 
sample from the lower part of a particular depth than the 
probe samples. This difference vjould result in larger quan­
tities of nitrates being included in the bulk samples where 
the concentration of nitrates increased with depth. 
Determinations for exchangeable ammonium nitrogen, for 
the bulk samples agreed well x^ ith the determinations for the 
probe samples. Results for the latter have been shown In 
Table S. Data from both sets of san^ des show that nitrogen 
applied to corn had no apparent effect on the exchangeable 
ammonium nitrogen. 
Data in Table 2 indicate that tiie residual treatments 
also had no appreciable effect on the measured nitrification 
rates. Stanford and ijanway (52) have reported that crop 
residues seldom have a marked effect on nitrification rates 
measured in the laboratory. They account for this observa­
tion by explaining that soil samples usually are not taken in 
such a way to Include residue, material. The bulk samples 
for the greenhouse experiment, however, included residues in 
the a-depth except for coarse pieces of corn stalks. Hence, 
it is reasonable to assume that if residual nitrogen effects 
in the field were a result of the corn residues, at least 
part of the effects would have been detected in the labora­
tory nitrification rate tests. 
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2- Dry matter yields 
Yields of the aerial dry matter of oats are shown in 
Table 19. Results of analysis of variance of the diy matter 
yields are in Table 20 and the mean dry matter yields are 
graphed in Figures 6, 7, and 8. In Figures 6 and 7, the yield 
response curve for the nitrogen added in the greenhouse is 
drawn through the mean yield of all residual levels. In 
Figure 8, response curves are drawn to illustrate differences 
between the 0- and 240-lb. residual treatments. 
There was a noticeable yield depression by the 40-, 80-, 
and 120-lb. residual treatments for the b- and c-depths. 
This depressing effect x-fas not observed for the a-depth. 
Results of soil tests presented earlier in Table 2 show no 
large differences for quantities of available phosphorus and 
potassium among lots of soil representing different residual 
treatments. Even if there had been differences among the 
lots of soil, the differences should have been obliterated by 
the uniform applications of phosphorus and potassium in the 
greenhouse.. 
The only marked positive effect on dry matter yields 
from residual treatments was from the 240-lb. treatment in 
the case of the c-depth. The effect from the 240-lb. treat­
ment for the a-deptla was negligible and for the b-depth it 
• I  
was slightly negatiire. 
The significant depth by greenhouse nitrogen interaction 
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Table 18- Dry matter yields of oats, gm. per pot, groxm on 
soil taken from tliree depths with five levels 
each of residual nitrogen and nitrogen applied 
directly in the greenhouse in 1S56 
Soil &reenhouse® 
Residual from nitrogen rates 
applied to corn one year 
depth nitrogen 0 40 80 120 240 means 
a 1 5.6^  5.9 5.9 5.5 6.2 
2 6.9 7.2 6.7 6.8 7.3 
3 7.7 7.6 7.9 7.6 7.9 
4 8.5 9.2 8.7 3.9 8.7 
5 8.9 9.0 9.1 8.8 8.8 
Mean 7.5 7.8 7.7 7.5 7.8 7.7 
h 1 4.4 4.6 3.2 2.9 4.5 
2 5.9 5.9 5.1 5.2 6.0 
3 7.3 7.4 6.5 6.3 7.2 
4 8.9 8.0 8.2 8.0 8.0 
5 8.8 8.4 8.2 8.1 8.4 
Mean * 7.1 6.9 6.2 6.1 6.9 6.6 
c 1 2.6 2.7 2.5 2.1 5.2 
2 4.6 5.0 5.0 4.8 6.5 
3 6.5 6.2 7.0 6.4 7.9 
4 8.0 7.6 8.1 7.2 8.3 
5 8.3 7.9 8.1 5.9 8.6 
Mean 6.0 5.9 6.1 5.3 7.3 6.1 
Residual 
level means 6.5 6.9 5.8 5.7 
Greenhouse treatment 
7.3 
Greenhouse 
treatment means 4.3 5.8 7.2 8.3 8.3 
H^efer, respectively, to 0, 40, 80, 160, and 240 mgm. 
nitrogen per pot. 
A^verage of five replications. 
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Table 20. Analysis of variance of dry matter and nitrogen 
yield data of oat plants grown in the greenhouse 
experiment 
Mean souares 
Source of Degrees of Dry matter 
variation freedom yield N yield 
Total 373 
Whole plots 74 
Replications 4 9.980'^ * 363.6«-
Treatments{T) 14 77.906-»« S5,53S-7<^ * 
DepthsCD) 2 77.405«^ - 44,799 .4'»-* 
Greenhouse 
nitrogen (GN) 4 225.748»* 276, 742-1*'^ -
D X GN 8 4-110^ -^  121.SK.S 
Error (a) 56 0.389 129-6 
Sub plots 29S 
Field nitrogen (FN) 4 9.912^^ 3,971.3'»* 
FN X D 8 4.144<H> IjSSO.T^ -'-^  
FN X GN IS 1.091*'> 93.4N-S 
FN X GN X D •32 - 0.611-«f* 43.415. S 
Error( b) 259' 3. 0.254 50.6 
®One less degree of freedoa hecause of one calculated 
aissing pot value-
is apparent from the different slopes of the response curves 
obtained at different depths- "The interaction between effects 
of residual treatments and depths is, however, asore ia^ ortant-
It indicates that the effects of the residual treatments were 
not the same for each soil depth. 
The significajit interactions between the measured effects 
of the three main treatments—residual nitrogen, depth, and 
directly added nitrogen—result in serious difficulties for 
evaluating quantities of residual nitrogen "by means of dry 
Figure 6. Dry matter yields of oats at five levels of 
nitrogen added in the greenhouse to each of 
five residual nitrogen levels with soil of 
the a-depth 
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Figure 7. Pry matter yields of oats at five levels of 
nitrogen added in the greenhouse to each of 
five residual nitrogen levels with soil of 
the b-depth 
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Pigiire 8. Dry matter yields of oats at five levels of 
nitrogen added in the greenhouse to each of 
five residual nitrogen levels with soil of 
the c-depth 
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matter yield data. An otvious complication is shown in 
Figure 8. There, the yield response curves tend to converge 
at the higher levels of directly added nitrogen. With this 
condition, estimated quantities of residual nitrogen vary 
widely depending on which level of sdded nitrogen a coiapari-
son is made-
3. l^ .itroRen yields 
a. Total nitrogen. These data are presented in Table 
21 and the results of the analysis of variance have heen 
shown in Table 20. 
One very important point shown "by the analysis of vari­
ance is that nitrogen yield appeared to be Independent of 
three interactions that affected dry matter yields and limit 
their usefulness for purposes of evaluating the residual 
effect. Hence, direct comparisons of main treatment effects 
at various levels of directly sdded nitrogen may be made and 
these will not be encumbered by Interaction effects. 
The regression of nitrogen yield on nitrogen added will 
be employed to estimate quantities of residual nitrogen. 
Data for the linear regressions of nitrogen yield of oats on 
nitrogen added are presented in Table 22- The average cor­
relation coefficient, 0.98S, indicates that S7.8 percent of 
the toxal deviations of nitrogen yield are attributable to 
the regression of yield on nitrogen added in 12ie greenhouse. 
Analysis of errors of estimate from average regressions 
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Table 21. Nitrogen yields of osts, mgis. per pot, grotfn on 
soil taken from three depths with five levels 
each of residual nitrogen and nitrogen applied 
directly in the greenhouse in 1956 
Residual from nitrogen rates 
applied to corn one year 
Soil Greenhouse^  previously. lbs./a» Depth 
depth nitrogen 0 40 80 120 240 means 
a 1 68.2'^  70.1 73.5 66.2 77.7 
2 95.8 95.0 91.7 90.4 102.7 
3 111.7 111.7 124.9 118.9 131.8 
4 177.5 175.8 172.1 176.2 175.7 
5 226.4 215.6 227.8 220.8 230.0 
Mean 135.9 133.6 138.0 134.5 3.43.5 137.1 
b 1 46.9 49.7 35.6 30.6 48.1 
2 71.4 77.3 62.7 59.E 74.5 
3 94.4 105.4 86.2 83.9 101.4 
4 152.3 160.9 136.7 138.0 155.0 
5 201.7 197.2 181.8 183.6 193.9 
Mean 113.3 118.1 100.6 98.9 114.6 109.1 
c 1 30.7 29.9 27.7 23.2 63.8 
2 56.5 55.5 54.9 52.2 83.9 
3 85.4 79.9 86-6 82 112.3 
4 136.1 130.9 130.7 126.9 160.9 
5 183.2 177.9 182.1 171.8 201.3 
Mean 98.4 94.8 96.4 91.3 124.5 101.1 
Residual 
level means 115.9 115.5 111.7 108.3 127.5 
Greenhouse treatment 
1 2 3 4 5 
Greenhouse 
treatment mesjis 49.5 74.9 101.1 153.7 199.7 
®^ Refer, respectively, to 0, 40, 80, 160, and 240 mgni. 
nitrogen per pot. 
bAverage of five replications. 
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Table 22. Correlation and regression of nitrogen yield of 
oats on nitrogen added in the greenhouse to five 
residual levels of nitrogen for each of three 
soil depths 
Residual level, 
lb s•/a. r b 
Ordinate^  
intercept 
a-deoth 
0 0.984^  0.669 68.8 
40 0.986 0.623 66.5 
80 0.990 0.650 70.9 
120 0.991 0.657 67.4 
240 0.990 0.628 76.5 
b-deoth 
0 0.996 0i653 48.0 
40 0.987 0.625 52.8 
80 0.988 0.609 35.3 
120 0.994 0.639 33.6 
240 0.988 0.615 49.3 
c-depth 
0 0.990 0.638 34.1 
40 0.995 0.618 30.5 
80 0.987 0.636 32.1 
120 0.985 0.613 27.0 
240 0.992 0.584 60.2 
Ordinate intercepts vjere calculated by using the 
"ooiiin2on« regression coefficients—0-645, 0.628, and 0.618— 
for the a-, b-, and c-depths, respectively. 
A^ll correlation coefficients, and like-a-ise regression 
coefficients, are significant at the 1 percent level. 
described by Snedecor (48) shovzed that regression coeffi­
cients for different residual levels at a particular depth 
did not differ significantly. Neither did the average 
coefficients among depths differ significantly, therefore. 
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the ''common" regression coefficient over all residual levels 
within d^ ths will fee used. Nevertheless, the average regres­
sion coefficient, b, for the whole e:^ eri]nent, 0.6305, shows 
an apparent recovery of 63.05 percent of the added nitrogen. 
Data for nitrogen yields are illustrated in Figures 9,^  
10, and 11. fhe only regressions of nitrogen yield on nitro­
gen added that are plotted are those which, as pointed out 
below, indicate significance differences bet'^ ;een the residual 
levels. 
If for any two regressions the confidence interval belts 
do not overlap at X, one can conclude that there is a signifi­
cant difference between the regressions. In this experiment, 
the condition causing such a difference between two regres­
sions is the level of residual soil nitrogen. The statistical 
significance of such differences between regression was deter­
mined by ca3.culating confidence interval belts for the regres­
sions. 'This test of significance between regressions at vari­
ous levels of residual nitrogen has been illustrated previous­
ly in Figure 1. The confidence interval belts were calculated 
to show significance at the 95 percent probability level. 
Regressions for the following residual levels were signifi­
cantly different: 
a-depth: 240 > 0 
b-deoth: 80< 0 
120 < 0 
c-depth: 120 < 0 
240> 0 
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240 
220 
200 
180 
68.8+0.645X 
r = 0.984 
0-N 
240-N 
Y = 76.5 + 0.645X 
r = 0.990 
160 
140 
120 
100 
Residual level, lbs./A. 
80 
40 
80 
160 
240 
60 
40 -
20 
160 0 40 240 80 
Nitrogen added, mgtn. per pot 
Figure 9. Regression of nitrogen yield of oats on 
nitrogen added in the greenhouse to each 
of five residual nitrogen levels with 
soil of the a-depth 
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240- N 
y - 49.3+ 0.628X 
r = 0.988 
Y = 48.0 +0.628X 
r =0.995 
0- N o> 120 
Y = 33.6 + 0.628X 
r = 0.994 
120- N 
Residual level, lbs./A 
Y = 35.3 + 0.628X 
r = 0.988 
80-N 
40 80 160 
Nitrogen added, mgm. per pot 
Figure 10. Regression of nitrogen yield, of oats 
on nitrogen added, in "dae greenhouse to 
each of five residual nitrogen levels 
with soil of the b-depth 
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240 
240-N 
Y = 60.2 + 0.6I8X 
r = 0.992 
Y = 27.0 +0.6I8X 
r = 0.985** 
120-N 
Y = 34.1 + 0.6I8X 
r = 0.990 
0 - N  
Residual level, Ids./A. 
• 0 
X 40 
80 
+ 160 
o 240 
80 160 
Nitrogen added, mgm. per pot 
Figure 11- Regression of nitrogen yield of oats 
on nitrogen added in the greenhouse to 
each of five residual nitrogen levels 
with soil of the c-det)th 
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Thus, there were significant negative effects on nitrogen 
yield by the 80- and 120-113. residual levels for the b-depth 
and by the l£0-lb. residual level for the c-depth. These 
results agree with the dry matter yield data in Table 18. 
Hence, the probable cause of the depressing effects on yield 
is that some condition resulted in a smaller quantity of nitro­
gen being available to the plants at these residual levels. 
The experimental data do not provide an explanation for these 
negative effects in the greenhouse in contrast to the positive 
effects (Table 5) observed in the field. 
b. Estimated residual nitrogen from total nitrogen yield. 
An estimated quantity of soil nitrogen effective in producing 
a measured nitrogen yield at zero-level of added nitrogen can 
be calculated by solving for Y in the regression equation by 
letting X = 0- Differences between estimated quantities of 
soil nitrogen in this esperiment are assumed to be a result 
of residual nitrogen. These differences will refer to an 
increase or decrease with respect to the estimated soil 
nitrogen at the zero-residual level. Quantities of residual 
nitrogen estimated by this procedure are recorded in Table 23. 
Aside from the negative quantities of residual nitrogen 
estimated for the b- and c-depths, there is close agreement 
between them and the measured quantities of residual nitrates 
in Table 18. For the 240-lb. residual level, the estimated 
quantity by the regression of nitrogen yield on nitrogen added 
is 85 and by nitrate analyses, 86 lbs. per acre of residual 
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Table 23. Quantities of residual nitrogen, l"bs. per acre,^  
estimated from the regressions of nitrogen yield 
on nitrogen added directly to soil in the green­
house experiment 
Soil 
depth 
Residual from nitrogen rates 
to corn one year previously. 
applied 
lbs./a. 
40 80 120 240 
a -4 4 -2 13 
b 8 
-22 -25 2 
c -10 -5 -19 70 
0-21" -6 -23 -46 85 
%gm. of substance per pot for a- and b-depths = 1.101 
lbs. per acre; for the c-depth, 1 mgm. per pot = 1.652 lbs. 
per acre. These factors are on the basis of a 5-in. acre 
depth weighing 2,000,000 lbs. 
nitrogen in the 0 to 21-in. soil d^ th. Although negative 
residual effects were measured for the 80- and 120-lb. re­
sidual levels by nitrate analyses they were not as large as 
the estimates that were obtained from regression data. 
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c. Application of N analyses. In the 80-mgm. treat­
ment of nitrogen applied in the greenhouse there was included 
1 5 5.514 percent atom percent N . Prom analyses of total 
nitrogen and nitrogen in the plant material, the quantity 
of nitrogen in the plant material derived from that added was 
calculated. An estimate of the nitrogen in plant material 
derived from soil nitrogen was then calculated by difference. 
15 Analyses for N were made only for replications 1, 2, and 3. 
Data for the nitrogen in the plant material derived from 
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the added nitrogen are presented in Table 24. Results of 
analysis of variance in the sanie table show that depths had 
no significant effect on this variable. Residual levels had 
a significant effect but it >:as small. Use of the standard 
error of difference between two treatment means showed that 
only the means for the SO- and 240-lb. residual levels were 
significantly greater than the zero-residual level. 
Table 24. Nitrogen content of oat dry matter derived from 
80 ingin. of nitrogen added, ingm. per pot 
Residual from nitrogen rates applied 
Depth 0 40 80 120 240 Mean 
a 32 33 37 35 35 34 
b 33 33 34 32 34 33 
c 33 32 35 35 36 34 
Mean 33 33 35 34 35 
Analysis of variance 
Source of 
variation 
Total 
vifhole plots 
Hepllcations^  
Depths (D) 
ErrorC a) 
Sub-plots 
Residual levels(R) 
R X D 
Error(b) 
Degrees of 
freedom 
44 
8 
2 
2 
4 
36 
4 
8 
24 
Mean 
square 
8.15K.S. 
7.35K.S. 
1.92 
16.15* 
4.15 
4.94 
•^Only three replications (1, 2, and 3) were analyzed 
for excess 
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One can see from data in Table 24 that an average of 
33.9 sgm. of nitrogen, or 42.4 percent, were recovered from 
the 80 mgm- added. However, the average regression coeffi­
cient in Table 22 shovrs an apparent recovery of 63.0 percent. 
This difference between absolute and aioparent recovery sup­
ports the author's qualification for the percent recovery made 
earlier. An explanation for this difference in percent re­
covery of added nitrogen is: a part of the applied nitrogen, 
equal to the difference in the percent recoveries, exchanged 
with soil nitrogen without a marked effect on the total quan­
tity of available nitrogen. VJith this reasoning, the data, 
show that 20.6 percent of the 80 iagm. or IS.5 mgm. entered 
in an exchange with soil nitrogen. This explanation is inade 
on the assumption that the concentration of isotopic nitrogen 
is the same in all parts of plants, and that no loss from 
volatilization or denitrification occurred. 
The calculated quantities of nitrogen in the plant mate­
rial derived from the soil are reported in Table 25. They 
show residual levels had a highly significant effect on avail­
able nitrogen in soil. The significant interaction between 
residual levels and depths shows that the residual effects 
were more pronounced on the lower soil depths than on the 
surface depth. 
Residual quantifies of nitrogen estimated by W analyses 
are also shown in Table 25. These quantities differ theo-
103 
Table 25. IJitrogen content of oat dry matter, mgm. per pot, 
derived from soil representing five residual 
levels for each of three deaths 
Residual from nitrogen rates applied 
Depth 0 40 SO ISO 240 Mean 
a 82 77 90 85 96 86 
b 63 68 58 50 56 61 
c 48 45 49 45 75 52 
Mean 64 63 66 60 79 
Anal: ysis of variance 
Source of Degress of Mean 
variation freedom sou are 
Total 44 
Whole plot 8 
Replications 2 30.2 
Depths(D) 2 4,551.9^ *^ 
Error( a) 4 20.8 
Sub-plo ts 35 
Residual. levels(R) 4 490.2^ "^ "» 
R X D 8 160.3-»» 
Error(b) 24 
retically, hoxirever, from quantities estimated from regression 
data "by the quantities of nitrogen derived from soil nitirogen 
present in roots-
A final comparison of field and greenhouse estimates for 
quantities of residual nitrogen in experiment 1 is presented 
in Table 25- The field data show reasonably good agreement 
between measured nitrate nitrogen in the 0 to 21-in. depth 
and estimated quantities by regressions for all residual 
Table 26. ComparisonB of methoda employed in the field and greenhouse for 
estimating residual soil nitrogen, Ibo. per acre, in a Carrington 
silt loam in experiment 1 in 1956 
Field data®" Greenhouse data 
Estimated 
Measured^  
Estimated 
Measured residual residual® Estimated 
Residual Soil nitrate by N yield nitrate by N yield residual^  
level depth nitrogen regression nitrogen 
t 
regression by data 
40 a 0 6 , -4 -6 
b 2 0 8 6 
c -1 0 -10 -6 
0-21» 1 -7 6 -6 -5 
80 a -1 5 4 9 
b 0 -1 -22 -6 
0 0 -2 -5 2 
0-21" -1 21 2 -23 h-5 
120 a 2 7 -2 3 
b 5 -2 -25 -14 
c a -3 -19 -5 
0-Sl" 15 30 2 -46 -16 
240 a 4 16 13 IB 
b 8 9 2 3 
0 30 61 70 45 
0-21" 42 44 86 85 63 
D^ata from Table 15, page 72. 
D^ata from Table 18, page 81. 
OData from Table 23, page 100. 
D^ata from Table 25, page 103. 
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levels. In the greenhouse, negative residual effects were 
observed for soil of the b- and c-depths with the 8G- and 120-
Ib. residual levels. The positive effects from the 240-lb. 
residual level agreed well for each soil depth. 
Quantities of soil nitrogen, other than nitrate nitrogen, 
that contributed to the total nitrogen content of the oats 
can be estimated from data already presented. One assuii5)tion 
must be made, however. It is: a quantity of nitrate nitro­
gen from the soil proportional to that present at the beginning 
of the experiment was absorbed by the plants. For simplicity, 
in this case, it is assumed that all of the nitrates initially 
present were absorbed. Hence, if the nitrogen in plants 
derived from the soil is considered to be the sum of initial 
nitrate nitrogen and nitrogen supplied from other forms, the 
latter can be calculated by subtracting the quantity of 
initial nitrate nitrogen from the total contribution from the 
soil. The following ea^ iressions describe this relationship: 
Np = total nitrogen content of the plant material 
Np = nitrogen content of plants derived from nitrogen 
ad.ded to pots 
Ks = total contribution of soil nitrogen to Np 
Ngjj = initial soil nitrate nitrogen 
Nso = contribution of soil nitrogen other than nitrates 
to Kp (ammonium and organic forms) 
Thus, 
Kp =s + ^ s» and Kg = S^O 
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or 
% = Hp + NgjT -t- S3Q 
an expression is developed nith one unkno"wn, ^ sq. Analyses 
of soil at harvest shov;ed nitrate nitrogen had teen nesrly 
completely removed. In 220st of the pots there were only 
traces of nitrate nitrogen, but at the 240-i2gni. rate of green­
house nitrogen an average of 1.7 ppa. was found. These anal­
yses indicate an apparent recovery of all nitrates and the 
Gjuantity not accounted for in the tops of oat plants is 
assumed to have been in the roots. Thus, for coaiparative 
purposes at least, and excluding possible losses in gaseous 
forms, the following ^ plication can be made-
Quantities of KgQ are shown in Table 27. Figure 12 is 
presented to compare these with quantities of the other two 
sources of nitrogen in plant material. !rhe iaoortsnt com­
parisons from data in Table 27 and Figure 12 are: N3Q of the 
c-depth contributed about 55 percent as much nitrogen as did 
the a-depth; and residual treatment effects, although statis­
tically significant, tended to result in lov^ er nitrogen 
yields derived from Kgo* 
Figure 12, shows in way of summary, the close relation­
ship between measured effects on nitrogen yield of plants and 
the residual quantities of nitrate nitrogen. It also shows 
the relative constancy of uptake of applied nitrogen in the 
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Table 27. Quantities of nitrogen, mgn. per pot, in dry 
matter of oats derived from soil nitrogen other 
than nitrate nitrogen for five residual levels 
in each of three soil depths 
Residual from nitrogen rates applied 
to corn one year iprevlously. lbs ./a. 
Depth 0 40 80 120 240 llesn 
a 71 61 74 67 71 69 
b 54 60 51 44 50 52 
c 40 37 42 38 30 38 
55 53 56 50 50 
Analysis of variance 
Source of 
variation 
Lotal 
Is/hole plots 
Replications 
Depths(D) 
ErrorC a) 
Sub-plots 
Residual levels(R) 
R X D 
Error(b) 
Degrees of 
freedom 
44 
8 
2 
2 
4 
36 
4 
a 
24 
Mean 
sauare 
50.2 
5,658. 
20.8 
6S.8i^  
91.9*'^  
25.4 
greenhouse by oats grown at five residual nitrogen levels at 
each of three depths of soil. 
Figure 12. Contribution to the nitrogen yield of oats in 
the greenhouse from nitrogen applied directly 
to pots, soil nitrogen other than initial soil 
nitrates, and initial soil nitrate nitrogen at 
three levels of residual nitrogen for each of 
three soil depths 
Accumulative nitrogen content plants from three sources of nitrogen, mgm. per pot 
110 
V. SUMMARY AND CONCLUSIONS 
This study included investigations in the field, labora­
tory, and greenhouse. Twenty field experiments in 1952 
through 1956 were employed to measure effects of nitrogen 
applied to corn on the nitrogen content of soils in the 
season applied and in following seasons. The experiments 
also served to measure effects from these applications to 
corn on grain, dry matter, and nitrogen yield of oats. Soil 
samples, taken at three depths, in the residual year were 
obtained in May soon after seeding of oats-
The experiments included soils of the Carrington, Web­
ster, Cresco, Galva, Ida, Monona, Nicollet, MsTshall, Sharps-
burg, and Edina series- Oats were harvested at maturity to 
estimate grain and/or total dry matter yields. In the major­
ity of the experiments only total dry matter yields were 
obtained. Nitrogen yields were estimated from nitrogen 
analyses of aerial plant material-
In a greenhouse experiment, nitrogen enriched with 
was applied to a Carrington silt loam soil containing varying 
quantities of residual nitrogen- Analyses of oat plants 
grown with these treatments provided information on the con­
tribution of the sgjplied fertilizer nitrogen, nitrogen from 
soil other than nitrates, and soil nitrate nitrogen to the 
total nitrogen content of the plants. Soil used in this 
experiment represented three depths from an oat e:3q)eriment 
Ill 
where residual effects of nitrogen were measured in the field. 
Procedures were applied for estimating quantities of 
residual nitrogen under field and greenhouse conditions. 
They involved determining the rate of increase of nitrogen 
in oat plants with rates of nitrogen applied directly in the 
residual year. From this information, expressed as the re­
gression of nitrogen yield on nitrogen added directly, an 
increase in nitrogen yield over that obtained at the zero-
residual level was es^ ressed as a quantity of the directly 
added nitrogen. Hence, the estimated quantities of residual 
nitrogen resulting in an increase in nitrogen yield of oats 
were evaluated in units of the nitrogen added directly. Al­
though effects of residual nitrogen on grain and dry matter 
yields were measured, these criteria cf residual effects were 
not used to estimate the residual quantities of nitrogen. 
Residual nitrogen from applications to corn a previous 
year was of sufficient quantity to increase oat grain yields 
as much as 29 bushels per acre. This increase was obtained 
on a G-alva silt loam at location 3 in 1953 from an applica­
tion of 180 lbs. of nitrogen per acre to corn in 1952. Re­
sidual effects from initial applications as small as 40 lbs. 
were not generally statistically significant. 
The linear regression of nitrogen yield of oats on 
nitrogen added directly was ^ plied successfully to estimate 
quantities of residual nitrogen in soil. Difficulties aris­
ing from interactions between levels of residual and directly 
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applied nitrogen xvere pointed out and alternative procedures 
were developed for using the regression data-
Quantities of residual soil nitrogen estimated 1::^  means 
of the nitrogen yield regressions tended to increase as the 
initial rates of applications increased. The largest esti­
mated quantity of residual nitrogen was 88 lbs. per acre 
resulting from an application of 180 lbs. made at location 
3 in 1952. 
Under conditions of the experiments, residual soil 
nitrogen that resulted from applications of chemical ferti­
lizers appeared to be in the form of nitrates. The variable 
results obtained for residual effects of manure preclude a 
definite conclusion for the form of residual nitrogen result­
ing from applied manure- Experiments in 1953, in wMch soil 
was saiEpled periodically after applications of sjnmonium 
nitrate to corn, showed no significant increased quantities 
of ammonium nitrogen at the end of the corn season resulting 
from the fertilizer applied. On the other hsjid, 60 and 84 
lbs. per acre of nitrate nitrogen remained at the end of the 
corn season in the Cresco and Grundy silt loam soils, respec­
tively, where 180 lbs. of nitrogen had been applied in the 
spring. 
The conclusion that residual nitrogen was largely present 
as nitrates is also based on evidence that initial nitrogen 
treatments of ammonium nitrate to corn resulted in increased 
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quantities of soil nitrate nitrogen the foUov/ing spring 
wherever effects of residual nitrogen were found on the 
nitrogen yield of oats. In field experiments with oats, 66 
percent of the quantities of residual nitrogen estimated by-
means of the nitrogen yield regressions could be accounted 
for by residual quantities of nitrate nitrogen in soil to a 
depth of 21 in. On the basis of the reported soil profile 
distribution of nitrates, there is reason to believe that 
analyses of soil at a greater depth would have shown a la3:^ er 
quantity of residual nitrogen as nitrates-
No significant increases in nitrifiable nitrogen, meas­
ured by nitrification rate tests, resulted from nitrogen 
applied one year previously. Neither could quantities of 
exchangeable ammonium be found affected to any great extent 
by the initial treatments. These results for exchangeable 
ammonium nitrogen found in the spring one year after the 
initial application agree with the statement above relative 
to there being no residual ammonium nitrogen in late summer 
of the year of application. 
An important characteristic of residual nitrogen found 
in this study is its location. 'With the exception of an Edina 
soil sampled in 1956, all soils in which significant q.uantities 
of residual nitrogen were found contained most of the residual 
nitrates in the 6 to 21-in. depth. In most of the soils the 
residual nitrates increased in order with the depths, 0 to 6, 
6 to 12, and 12 to 21 in. This type of distribution of 
114 
residual nitrogen in the soil profile -^ 'as found in two years; 
in 1953, after a season of nonnal rainfall and in 1956, after 
a season of below normal rainfall. These results point out 
the inadequacy of soil samples from only the plow layer for 
providing estimates of residual nitrogen. 
The experimental data sho-w that residual effects on 
nitrogen yields of plants and soil nitrate nitrogen were sig­
nificantly correlated. Significant correlations of nitrogen 
yield of oats with soil nitrate in the depths below the 0 to 
6~in. depth were found more frequently than for the 0 to 6-in. 
depth. Nevertheless, results of multiple linear regression 
of nitrogen yield on nitrate nitrogen of the three depths, 
as ^ -ell as simple linear regression coefficients for nitrogen 
yield on nitrate nitrogen in individual depths, showed that 
even though qusjatities of nitrate nitrogen in the surface 
depth were relatively small, they appeared very ic^ jortant, 
however, in causing root systems to develop and utilize sub­
soil nitrates. In a number of e^ qjeriments, with large re­
sidual quantities below the plow layer, the regression coeffi­
cients for nitrogen yield on nitrate nitrogen in the 0 to 6-
in. depth -were greater than 1-0. 
Positive interactions observed in this study between 
levels of residual and directly applied nitrogen on plant 
yields are essplained on the premise that the directly applied 
nitrogen in the residual year increased root growth. With 
this being the case, plants utilized the residual nitrogen 
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below the plow layer "better than where no additional nitrogen 
was applied. 
Results of the greenhouse e2q)erlinent confirm the results 
1 5 previously summarized for the field experiments. Use of 
in one of the rates of nitrogen added in the greenhouse pro­
vided information on several additional points. It allowed 
the total nitrogen content in the plant to be expressed as a 
sum of nitrogen from the added fertilizer, from soil nitrate 
nitrogen, and from soil nitrogen other than nitrates. The 
quantity of nitrogen derived from the fertilizer was nearly 
constant and unaffected by soil depths and residual nitrogen 
levels- The contribution from nitrate nitrogen differed sig­
nificantly between depths and residual levels. No appreci­
able differences were found between residual levels with re­
spect to nitrogen in the plants derived from soil nitrogen 
other than nitrates. The greenhouse data support results 
found under field conditions which showed that positive 
effects of residual nitrogen on plants are the result of in­
creased quantities of soil nitrates. 
Results of this study, based on the data for the quanti­
ties and location of residual nitrogen as nitrates, point 
out the need of additional work. Further information is con­
sidered necessary to determine conditions and practices that 
result in efficient utilization of these residual nitrates 
below the plow layer. 
116 
in. LITEHATURS CITED 
1. Babcock, W. G- Initial distribution of ammonia applied 
to soils. California Citrograph 19:114. 19-34. 
E. Bartholomew, VJ. V. and Hiltbold, A. E. Recovery of fer­
tilizer nitrogen by oats in the greenhouse. Soil 
Sci. 73:193-201. 1952-
3. , Helson, L. B. and V/erkinan, C. H. The use of 
nitrogen isotope in field studies with oats. 
Agron. Jour. 42:100-103. 1950. 
4. Benson, N. and Barnette, R. M. Leaching studies with 
various sources of nitrogen. Agron. Jour. 31:44-
54. 1939. 
5. Black, C. A. Laboratory methods of soil investigations: 
soil fertility. Ames, Iowa. Iowa State College 
Dept. of Agronomy. (Mimeo.) 1949. 
6. , Nelson, L. B. and Pritchett, ¥. L. Nitrogen 
utilization by wheat as affected by rate of fer­
tilization. Soil Sci. Soc. Amer. Proc. (1945) 
11:393-396. 1946. 
7. Boischot, p. and Gouere, A. Observations sur I'apport 
continu d'engrais sinroles sur sol nu. Conspt. Rend-
Acad. Agr. 31:245-246. 1945. 
S. Bremmer, .J. M. The amino-acid composition of the pro­
tein material in soil. Biochem. Jour. 47:538-542. 
1950. 
9. Carson, P. L. The effect of varying rates of nitrogen 
fertilization on the recovery of nitrogen by oats 
on different soil types. Unpublished M. S. Thesis. 
Ames, Iowa, Iowa State College Library. 1947. 
10. Cochran, W. G. and Cox, G. M. Experimental designs. 
N.Y., John Wiley and Sons, Inc. 1950. 
11. Cook, H. L. and Scarseth, G. D. The effect of cyanamid 
and potash when plowed under with organic refuse on 
the yield of corn and succeeding crops. Agron. 
Jour. 33:283-293. 1941. 
12. Crowther, F. Multiple-factor experiments on the manur­
ing of cotton. Emoire Jour. Exo. Agr. 5:169-179. 
1937. 
117 
13. Dumenil, L- C. Residual effect of nitrogen fertilizers 
applied to corn on the yields of the following crops. 
Unpublished M. S. Thesis. Ames, Iowa, Iowa State 
College Library. 1951. 
14. Residual effect of nitrogen fertilizer applied 
to corn on the yields of the succeeding corn or oat 
crops. Paper presented at the Soil Sci. Soc- Amer. 
meetings. St. Paul, Minnesota. November, 1954. 
15. Fine, O. L. The influence of nitrogen and potassium on 
the availability of fertilizer phosphorus. S. DaJc. 
Agr. E35). Sta. Bui. 453. 1955. 
16. Fitts, J. W., Bartholomew, W. V. and Heidel, H. Correla­
tion between nitrifiable nitrogen on yield response 
of corn to nitrogen fertilization on Iowa soils. 
Soil Sci. Soc. Amer. Proc. 17:119-122- 1953. 
17. Goring, C. A. I. and Claris., F. E. Influence of crop 
growth on mineralization of nitrogen in the soil. 
Soil Sci. Soc. Amer. Proc. (1947) 13:261-266. 1948. 
18. Hall, A. D. The book, of Rothamsted experiments. N.Y., 
E. p. Button and Co. 1905. 
19. Hellriegel, H. and Wilfarth, H. Untersuchungen uber die 
Stickstoffnihrung der Gramineen and Leguminosen. 
Beilogeheft zu der Zeitschrift des Vereins f. d. 
Rubenzuckerindustrie der Deutschen Reichs. 1880. 
20. Hunter, A. S. and Yungen, J. A. The influence of varia­
tions in fertility levels upon the yield and pro­
tein content of field corn in eastern Oregon.' Soil 
Sci. Soc. Amer. Proc. 19:214-218. 1955. 
21. Jacquot, H. D. Annual cropping with nitrogen in the 
intermediate rainfall areas of eastern Washington. 
Wash. Agr. Exp. Sta. Circ. 214. 1953. 
22. Johnson, A. H. and G-reen, J. R, Modified methyl red 
and sodium alizarin sulfonate indicators. Indust. 
and Ehgin. Chem., Analyst. Ed. 2:2-4. 1930. 
23. Kirekas, J. Studies on the organic nitrogen-compounds 
of soil. Preliminary communication I: water-
soluble fraction. Suomen Kemistilehti 12B1:1. 1939 
118 
24. Studies on the organic-nitrogen compounds of 
soil. Preliminary communication II: influence of 
proteolytic enzymes on the nitaragen compounds of 
soil. Suomen Kemistilehti 12B1:7. 1939. 
25. Kojima, R. T. Soil organic nitrogen: I. Nature of the 
organic nitrogen in muck soil from Geneva, N.J. 
Soil Sci. 64:157-165. 1947. 
26. Soil organic nitrogen: II- Some studies on 
the amino acids of protein material in a muck soil 
f3?om Geneva, K-J. Soil Sci. 64:245-252- 1947. 
2?. Kranta, B. A-, Ohlrogge, A. J. and Scarseth, G- D- Move­
ment of nitrogen in soils. Soil Sci. Soc. Amer. 
Proc. (1942) 8:189-195. 1943. 
28. Larsen, J. E. and Sohnke, H. Relative merits of fall-
and spring-applied nitrogen fertilizer. Soil Sci. 
Soc. Amer. Proc. (1945) 11:378-383. 1946. 
29. Lipman, J. G., Blair, A- W- and Prince, A- L. Field 
esQjeriments on the availaMlity of nitrogenous 
fertilizers 1918-1922- Soil Sci. 19:57-75- 1925. 
30. Mathews, E. D. Effect of drought and rainfall on move­
ment of soil nitrogen in Cecil soils. Ga. (Athens) 
Agr. Exp. Sta. Circ. 137- 1942-
/ / 
31. Muller, J. Diffusion and migration des elements fertili-
sants introduits sous forme de produits granules. 
Ann. Agron. 5:339-348. 1954. 
32. Munson, R. D. and Stanford, G. Predicting nitrogen 
fertilizer needs of Iowa soils: 17. Evaluation of 
nitrate production as a criterion of nitrogen avail­
ability. Soil Sci. Soc. Amer. proc. 19:464—468. 
1955. 
33- Nelson, C. E. Methods of applying ammonium nitrate 
fertilizer on field corn, and a study of the move­
ment of KH4'*" and liOs"" nitTOgen in the soil under 
irrigation. Agron. Jour. 45:154-157. 1953. 
34. Ohlrogge, A. J., Krantz, B- A. and Scarseth, G. D. The 
recovery of plo-wed-under ammonium sulfate "by corn. 
Soil Sci. Soc. Amer- Proc. (1942) 8:196-200. 1943. 
35- Olsen,- C. On the analytical determination of ammonia in 
soil, and, the absorption power of soil for ammonia-
Cos5)t. Rend. Trav. Lat- Carlsherg, 17. No. 15. 1929 
119 
36. The significance of concentration for the 
rate of ion absorption "by higher plants in water 
ciolture- Physiologia Plantarium 3:152-164. 1950. 
37. Ostle, B. Statistics in research. Ames, Iowa, Iowa 
State College Press- 1956. 
38. Pincki L. A. and Allison, F. E. The effect of nitrogen 
application upon the weight and. nitrogen content of 
the tops and roots of sudan grass. Agron. Jour. 
39:634-637. 1947. 
39. , and Gaddy, V. L. Greenhouse experi­
ments on the effect of green aanures upon nitrogen 
recovery and soil carbon content. Soil Sci. Soc. 
Amer- Proc. (1944) 10:230-234. 1945. 
40. Rendig, V. V. Fractionation of soil nitrogen and fac­
tors affecting distribution. Soil Sci. 71:253-267. 
1951. 
41. Rittenberg, D. The preparation of nitrogen for mass 
spectrometer analysis. Preparation and measurement 
of isotopic tracers. Ann Arbor, Mich., J. ¥. Ed­
wards. 1946. 
42. Rohv.'eder, D. A. Hitrate movement in soils as affected 
by texture and moisture additions. Unpublished 
M. S. Thesis. Ames, Iowa, Iowa State College 
Library- 1956. 
43. Scarseth, G. D-, Cook, H. L., Krantz, B. A. and Ohlrogge, 
A. J. How to fertilize corn effectively in Indiana. 
Ind. Agr. Sxp. Sta. Bui. 432. 1943. 
44. Seymour, K. G. Nitrate distribution and movement in the 
soil as a measure of the seasonal carry-over of 
nitrogen fertilizer. Unpublished M. S. Thesis. 
Ames, Iowa, Iowa State College Library. 1950. 
45. Shropp, W. and Arenz, B. Gefassversuche uber den Ein-
fluss verschiedener ¥asser-und Stickstoff-7ersorung 
auf die Ertrogs-und Eiweissbildung bei zwei Hafer-
sorten. Bodenkunde und Pflanzenernahrung 30:250-
273. 1943. 
46. Sievers, F. J. and Koltz, H. F. The silt loam soils of 
eastern Washington and their management. Wash. 
Agr. Sxp. Sta. Bui. 166. 1922. 
120 
47. Simonson, R- W., Hiecken, F. F. and Smith, G. D. Under­
standing Iowa soils. Dubuque, Iowa, ¥m. C. Brox^ n. 
1952. 
48. Snedecor, &. ¥. Statistical methods. 5th ed. Ames, 
Iowa, Iowa State College Press. 1956. 
49. Soubies, L., Gadet, R. and Maury, P. Migration hivernale 
de 1'azote nitrique dans un sol licioneux de la 
region Toulousaine. Ann. Agron. 3:365-383. 1952. 
50. Sowden, F- J. Distribution of amino acids in selected 
horizons of soil profiles- Soil Sci. 82:491--496. 
1956. 
51. and Parker, D. I- Aiaino nitrogen of soils and 
of certain fractions isolated from them. Soil Sci. 
76:201-208. 1953. 
52. Stanford, G-. and Kanway, J. Predicting nitrogen ferti­
lizer needs of Iowa soils: II. A sic^ jlified tech­
nique for deterniining relative nitrate production 
in soil. Soil Sci. Soc. Amer. ?roc. 19:74-77. 
1955. 
53. Stevenson, F. J. Ion exchange chromatography of the 
aiaino acids in soil hydrolysates. Soil Sci. Soc. 
Amer. Proc. 18:373-377. 1954. 
54. Viets, F- G-. and Domingo, C. E- Yields and nitrogen con­
tent of corn hybrids as affected by nitrogen supply. 
Soil Sci. Soc- Amer. Proc- (1947) 13:303-306. 1948v 
55. Walker, T. W-, Adams, A. F. R. and Orchiston, H. D-
Fate of labelled nitrate and ammonium nitrogen when 
applied to grass and clover grown separately and 
together. Soil Sci. 81:339-351. 1956. 
56. White, ¥. G. Experimental tests of the inverse yield -
nitrogen low. Unpublished M. S. Thesis. Ames, 
Iowa, Iowa State College Library. 1953. 
57. Dumsnil, L. and Pesek, J. Evaluation of 
residual nitrogen in Iowa soils. Paper presented 
at the Soil Sci. Soc- Amer. meetings. Cincinnati, 
Ohio. November, 1956. 
58. Young, J. W. -^Diphenylguanidine as an acidimetric 
standard. Can. J our- Res. 17B:192-197. 1939. 
121 
VII. ACKNOWLEDGMENTS 
The author expresses sincere gratitude to Dr^  J« T. 
Pesek for attentive assistance during the study, and for 
constructive criticisms of this manuscript. 
Acknowledgment is made to the Nitrogen Division, Allied 
Chemical and Dye Corporation for financial support of a large 
part of the work comprising this study. 
The author appreciates the help of Dr. H. J. Svec, 
Chemistry Department, Iowa State College, and members of his 
staff for making the isotopic nitrogen determinations and 
for assistance in preparing the gas samples-
